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Abstract The Compact Linear Collider (CLIC) is a TeV-scale high-luminosity linear e*e™ collider studied
by the international CLIC and CLICdp collaborations hosted by CERN. CLIC uses a two-beam acceleration
scheme, in which normal-conducting high-gradient 12 GHz accelerating structures are powered via a high-
current drive beam. For an optimal exploitation of its physics potential, CLIC is foreseen to be built and
operated in stages. The initial stage will have a centre-of-mass energy of 380 GeV, with a site length of
11 km. The 380 GeV stage optimally combines the exploration of Higgs and top-quark physics, including a
top threshold scan near 350 GeV. A higher-energy stage, still using the initial single drive-beam complex,
can be optimised for any energy up to 2 TeV. Parameters are presented in detail for a 1.5 TeV stage,
with a site length of 29 km. Since the 2018 ESPPU reporting, significant effort was invested in CLIC
accelerator optimisation, technology developments and system tests, including collaboration with and
gaining experience from new-generation light sources and free-electron lasers. CLIC implementation aspects
at CERN have covered detailed studies of civil engineering, electrical networks, cooling and ventilation,
scheduling, and costing. The CLIC baseline at 380 GeV is now 100 Hz operation, with a luminosity
of 4.5%10%* em™2s™! and a power consumption of 166 MW. Compared to the 2018 design, this gives
three times higher luminosity-per-power. The new baseline has two beam-delivery systems, allowing for
two detectors operating in parallel, sharing the luminosity. The cost estimate of the 380 GeV baseline is
approximately 7.2 billion CHF. The construction of the first CLIC energy stage could start as early as
~2034-2035 and beam commissioning and first beams would follow a decade later, marking the beginning
of a physics programme spanning 20-30 years and providing excellent sensitivity to Beyond Standard
Model physics, through direct searches and via a broad set of precision measurements of Standard Model
processes, particularly in the Higgs and top-quark sectors. This report summarises the CLIC project,
its implementation and running scenarios, with emphasis on new developments and recent progress. It
concludes with an update on the CLIC detector studies and on the physics potential in light of the
improved accelerator performance. The physics potential includes results from the 3 TeV energy stage,
which was studied in detail for the CLIC CDR in 2012 and the CLIC Project Implementation Plan of
2018.
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1 Introduction

The Compact Linear Collider (CLIC) is a high-luminosity linear eTe™ collider under development by the CLIC
accelerator collaboration, hosted by CERN. CLIC uses a novel two-beam acceleration scheme, in which normal-
conducting high-gradient 12 GHz acceleration structures are powered via a high-current drive beam. The acceler-
ating structures operate in the range of 72 MV /m to 100 MV /m. The baseline initial stage of CLIC is a 380 GeV
machine of 11 km site length, serving two detectors. A higher energy stage of 1.5 TeV with a site length of 29 km
and compatible with a single drive beam, is also presented. Intermediate energies remain possible, as well as
starting at 250 GeV with fewer accelerating modules.

The CLIC Conceptual Design Report (CDR), published in 2012, focused on a 3 TeV collider, with a first
stage at 500 GeV. The accelerator CDR volume [1] (850 pages) and a combined Physics/Detector and Accelerator
Report [2] (80 pages) provide detailed descriptions of the accelerator project. The principal focus of the CDR was
to demonstrate the feasibility of the CLIC accelerator at high energy (3 TeV) and to confirm that high-precision
physics measurements could be performed, despite the luminosity spectrum and the presence of particles from
beam-induced background (see also [3]).

After the CDR, and with the discovery of the Higgs boson, the initial stage was changed to 380 GeV. The
CLIC accelerator was optimised for three energy stages at centre-of-mass energies of 380 GeV, 1.5 TeV and
3 TeV [4]. A comprehensive technical prototyping programme was carried out over the period 2013-2019. The
Project Implementation Plan (270 pages) [5], together with a Physics/Detector and Accelerator Summary Report
(95 pages) [6], were submitted for the European Particle Physics strategy update in 2018-2019.

Since the publication of the reports above, the baseline luminosity at 380 GeV has been updated according to
new studies. New power estimates performed for the 380 GeV and 1.5 TeV machine show a significant reduction.
Technical progress and improvements related to X-band technology and klystron design have been achieved. An
interaction region with two beam delivery systems and two detectors has been designed.

This article provides a comprehensive overview of the CLIC project, at the time of the European Particle
Physics strategy update in 2025-2026, taking all the latest project developments into account. The CLIC studies
have put special emphasis on optimising cost and energy efficiency, and the resulting power and cost estimates are
reported.

Section 2 summarises the CLIC design considerations, parameters and performance for the 380 GeV energy stage,
presents the interaction region with two detectors and describes the upgrade path to higher energies. Section 2
also summarises key achievements providing evidence that the CLIC performance goals can be met.

Section 3 provides an overview of each collider sub-system.

Section 4 discusses key technical challenges for CLIC; the X-band technology, RF sources and alignment /sta-
bility.

Section 5 describes the civil engineering aspects and siting.
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Section 6 describes the present plans for the implementation of CLIC, with emphasis on the 380 GeV stage. It
reports on schedule aspects, and provides estimates of the energy consumption and of the cost for construction
and operation.

Section 7 outlines the CLIC objectives for the period 2026-2033.

Appendix A provides a comprehensive description of systems tests and performance demonstration for CLIC
in the CLIC Test Facility 3, FACET, ATF2 and elsewhere.

Appendix C describes a klystron-based version of the 380 GeV CLIC.

Detailed studies of the physics potential and detectors for CLIC, and R&D on detector technologies, are carried
out by the CLIC detector and physics (CLICdp) collaboration. CLIC offers a unique combination of high centre-
of-mass energies, flexibility over a large energy-range, longitudinal electron polarisation and the clean environment
of eTe™ collisions. This enables a broad and guaranteed physics programme, complementary to HL-LHC. The
guaranteed physics reach covers a large number of highly accurate Standard-Model parameter measurements,
including the top-quark mass, further top-quark properties, the Higgs couplings, as well as the Higgs self-coupling.
CLIC moreover offers a rich potential for extensive exploration of the terascale in the form of direct and indirect
searches of BSM effects. The physics potential has been explored in detail [3, 7-13].

The CLICdet detector design has been optimised to fulfill the stringent requirements imposed by the precision
physics goals and beam conditions at CLIC [14]. Dedicated R&D on innovative detector technologies for CLIC, as
well as technology advances in industry and collaborative R&D together with other particle-physics projects, have
enabled significant progress towards reaching the demanding CLIC detector requirements [15, 16]. The CLIC and
CLICdp studies are available at: http://clic.cern.

2 CLIC accelerator design and performance

In this section an overview of CLIC at a centre-of-mass energy of 380 GeV is presented. The new baseline includes
operation at 100 Hz with two interaction regions and two detectors. An overview of the design considerations, the
performance and the performance demonstrations is given. The extension of CLIC to higher energies is presented,
as well as the CLIC options for running at 250 GeV.

The baseline presented in this section constitutes a full coherent picture of the machine design and its parameters.
A number of on-going studies, may still lead to further performance improvements. These studies include improved
beam-delivery systems (see Sect. 3.5), main linac tuning bumps (see Sect. 3.4) and damping ring emittance (see
Sect. 3.2).

2.1 CLIC design and performance at 380 GeV
2.1.1 Design overview

The schematic layout of the baseline CLIC complex for 380 GeV operation is shown in Fig. 1 and the key parameters
are listed in Table 1.

Fig. 1 Schematic layout of
the CLIC complex at -
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Table 1 Key parameters of the baseline machine, a drive-beam based CLIC at /s = 380 GeV, running at 100 Hz, operating
with two detectors

Parameter Symbol Unit 380 GeV, 100 Hz 380 GeV, 50 Hz
Centre-of-mass energy NG GeV 380 380
Number of interaction points Nip 2 1
Repetition frequency Srep Hz 100 50
Number of bunches per train ny 352 352
Bunch separation At ns 0.5 0.5
Pulse length TRF ns 244 244
Accelerating gradient G MV/m 72 72
Total luminosity L 10%* em 257! 4.5 2.3
Luminosity above 99% of /s Lo.o1 103 cm 257! 2.7 1.3
Beamstrahlung photons per particle Ty 1.5 1.5
Total integrated luminosity per year Lint b=t 540 270
Power consumption P MW 166 105
Main linac tunnel length km 11.4 11.4
Number of particles per bunch N 10° 5.2 5.2
Bunch length 0z pm 70 70

IP beam size oz/0y nm 149/2.0 149/2.0
Final RMS energy spread % 0.35 0.35

Parameters for an alternative machine, using ca. 40% lower power consumption, running at 50 Hz with a single beam delivery
system and one detector, are also given.

The main linac crossing angle is 20 mrad. The crossing angle at the IP depends on the BDS design, and the number of IPs.
See Sect. 3.5 for details.

The main electron beam is produced in a conventional radio-frequency (RF) source and accelerated to 2.86 GeV.
The beam emittance is then reduced in a damping ring. A second electron beam, accelerated to 2.86 GeV and
delivered to a conventional amorphous tungsten target, produces positrons by electron—positron pair production.
The positrons are captured by an adiabatic matching device and a capture linac and then accelerated to 2.86 GeV.
Their beam emittance is reduced first in a pre-damping ring and then in a damping ring. The ring to main linac
system (RTML) accelerates the beams to 9 GeV and compresses their bunch length. The main linacs accelerate
the beams to the beam energy at collision of 190 GeV. The beam delivery system removes transverse tails and
off-energy particles with collimators and compresses the beam to the small sizes required at the collision point.
After the collision, the beams are transported to the respective beam dumps by the post-collision lines.

The RF power for each main linac is provided by a high current, low-energy drive beam that runs parallel to the
colliding beam through a sequence of power extraction and transfer structures (PETS). The drive beam generates
RF power in the PETS, which is then transferred to the accelerating structures by waveguides.

The drive beam is generated in a central complex with a fundamental frequency of 1 GHz. A 48 ps long beam
pulse is produced in the injector and fills every other bucket, i.e. with a bunch spacing of 0.6 m. Every 244 ns, the
injector switches from filling even buckets to filling odd buckets and vice versa, creating 244 ns long sub-pulses.
The beam is accelerated in the drive-beam linac to 1.91 GeV. A 0.5 GHz resonant RF deflector sends half of the
sub-pulses through a delay loop such that its bunches can be interleaved with those of the following sub-pulse that
is not delayed. This generates a sequence of 244 ns trains in which every bucket is filled, followed by gaps of the
same 244 ns length. In a similar fashion, three of the new sub-pulses are merged in the first combiner ring. Groups
of four of the new sub-pulses, now with 0.1 m bunch distance, are then merged in the second combiner ring. The
final pulses are thus 244 ns long and have a bunch spacing of 2.5 cm, i.e. providing 24 times the initial beam
current. The distance between the pulses has increased to 24 x 244 ns, which corresponds to twice the length of
an 878 m decelerator. The first four sub-pulses are transported through a delay line before they are used to power
one of the linacs, while the next four sub-pulses are used to power the other linac directly. The first sub-pulse
feeds the first drive-beam decelerator, which runs in parallel to the colliding beam. When the sub-pulse reaches
the decelerator end, having delivered most of its energy, the second sub-pulse has reached the beginning of the
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second drive-beam decelerator and will feed it, while the colliding beam has meanwhile reached the same location
along the linac.

2.1.2 Operation with two detectors

The CLIC baseline is to operate two detectors in parallel, at an average bunch-train repetition rate of 50 Hz. This
provides each detector with an average luminosity of about 2.2 x 103* cm™2s~!. The doubling of machine total
repetition rate from 50 Hz to 100 Hz, with respect to the previous baseline [5] is achieved without major design
changes. The luminosity delivery can be flexible, if desired a luminosity of (100%) can be provided to a single
detector for a given period of time.

The operation of two detectors is achieved with the concept of a dual Beam-Delivery System (BDS) for CLIC
that aims to serve two interaction regions (IRs) simultaneously. The dual BDS introduces separate paths for the
electron and positron beams to accommodate two detectors with distinct crossing angles. This configuration allows
for concurrent data collection at both IRs, enhancing overall experiment throughput and versatility [17].

The 380 GeV stage of CLIC features a dual BDS design achieved by extending the diagnostics section (DS)
of the baseline BDS. Eight additional FODO cells, each with a phase advance of 45°, and with a total additional
length of 300 m, were added to separate the two IRs longitudinally and transversely. The two BDS paths (BDS1
and BDS2) are optimized for their respective IRs: the crossing angle of IR1 is 18 mrad and the crossing angle
of IR2 is 27 mrad (see Sect. 3.5 for details), which is also compatible with potential gamma-gamma collision
configurations. A full schematic of the layout is shown in Fig. 2.

To minimize synchrotron radiation effects, the bending angles and magnet strengths in the DS were carefully
optimized. The transverse separation between IRs is approximately 10 m, with a longitudinal offset of 40 m to
ensure sufficient space for detector placement (see Fig. 3).

The dual BDS maintains robust performance metrics at 380 GeV, with minimal impact on luminosity and beam
sizes compared to the single-BDS design. Key results are summarized in Sect. 3.5.4.

2.1.3 Main-beam design considerations and choices

Motivated by an optimal exploration of Higgs and top-quark physics, the baseline for the initial stage of CLIC is
380 GeV. A 10-year operation period at 380 GeV, will be followed by 10 years at a higher energy stage, currently
assumed to be 1.5 TeV. Both stages will require only a single drive beam complex. Intermediate energies remain
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possible, as well as starting with fewer modules for taking data at 250 GeV. A 3 TeV implementation with two
drive beam complexes and a deeper tunnel layout was studied in detail in the CDR [1].

The baseline plan for operating CLIC results in an integrated luminosity per year equivalent to operating at
full luminosity for 1.2 x 107 s [18]. This results in integrated luminosities of 4.3 ab=1 at 380 GeV and 4.0 ab~! for
the 1.5 TeV, see details in Sect. 2.1.7.

The staged approach allows optimal exploitation of the CLIC physics capabilities. For the initial stage, the
centre-of-mass energy of 380 GeV gives access to SM Higgs physics and top-quark physics, and provides direct and
indirect sensitivity to BSM effects. A top-quark pair-production threshold scan around 350 GeV is also foreseen.
A second stage at 1.5 TeV opens more Higgs production channels including ¢tH, double-Higgs production, and
rare decays, and offers further direct sensitivity to many BSM models. CLIC provides +80% longitudinal electron
polarisation and proposes a sharing between the two polarisation states at each energy stage for optimal physics
reach [19]. The energy of the second stage can be optimised in light of new physics information.

Reaching the energy goal requires achieving the target gradient in the accelerating structures. This in turn
requires that the structures can sustain the gradient and that the drive beam provides enough power. In addition,
to reach the luminosity goal, the colliding beam needs to have a high current and an excellent quality. Thorough
studies established a feasible concept for the 380 GeV stage [5]. Based on these the first stage has been designed.
The key considerations are:

e The choice of bunch charge and length ensures stable beam transport. The main limitation arises from short-
range wakefields in the Main Linac.

o The spacing between subsequent bunches ensures that the long-range wakefields in the Main Linac can be
sufficiently damped to avoid beam break-up instabilities.

e The horizontal beam size at the collision point ensures that the beamstrahlung caused by the high beam
brightness is kept to an acceptable level for the given bunch charge. This ensures a luminosity spectrum
consistent with the requirements of the physics experiments.

e The horizontal emittance is dominated by single particle and collective effects in the Damping Rings and
includes some additional contributions from the Ring To Main Linac.

e The vertical emittance is given mainly by the Damping Ring and additional contributions from imperfections
of the machine implementation. The target parameters take into account budgets for detrimental effects from
static and dynamic imperfections, such as component misalignments and jitter.

e The vertical beta-function is the optimum choice in terms of luminosity. The horizontal beta-function is deter-
mined by the combination of required beam size and horizontal emittance.

In summary, the parameters are largely determined by fundamental beam physics and machine design, with the
exception of the vertical emittance, which is determined by imperfections. The horizontal beam size is fixed to limit
beamstrahlung, therefore if the horizontal emittance is smaller than the target, the horizontal beta-function will
be increased to compensate. This means there is no luminosity to be gained by reducing the horizontal emittance.

The most recent beam physics and luminosity considerations for CLIC are presented in [20]. In a machine
without imperfections, a vertical emittance of 6 nm is achieved at the interaction point. The impact of static and
dynamic imperfections is studied in [20]. The dominant imperfections are the static misalignment of beamline
elements and ground motion. Beam-based alignment is used to minimise the impact of static imperfections. The
beam-based alignment procedure for CLIC outperforms its requirement, which leads to significantly less vertical
emittance growth than budgeted. For the expected alignment imperfections and with a conservative ground motion
model, 90% of machines achieve a luminosity of 4.5 x 103* cm~2s~! or greater, at 100 Hz. This is the value used
in Table 1. The average luminosity achieved is 5.6 x 1034 cm~2s~!. Future improvements to the technologies used
to mitigate imperfections, such as better pre-alignment, active stabilization systems and additional beam-based
tuning, will also help increasing this luminosity surplus further. A start-to-end simulation of a perfect machine
shows that a luminosity of 8.6 x 103* cm™2s~! would be achieved.

2.1.4 Beam dynamics and nanobeams

For static imperfections, the vertical emittance growth budgets are the same at 380 GeV and 3 TeV and they
correspond to the values described in the CDR [1]. It is required that each system, i.e. RTML, Main Linac and
BDS, remains within its emittance budget with a likelihood of more than 90% without further intervention. The
key static imperfection is the misalignment of the beamline components with respect to the design. A sophisticated
system has been developed and tested that provides a spacial reference frame with unprecedented accuracy, see
Sect. 4.10. The Main Linac and BDS components are mounted on movable supports and can be remotely aligned
with respect to the reference system. In addition, the main linac accelerating structures are equipped with wakefield
monitors that allow the measurement and correction of their offset with respect to the beam. Dispersion-free
steering, which has been successfully tested at the SLAC Facility for Advanced Accelerator Experimental Tests
(FACET), will further reduce the emittance growth using high-resolution Beam Position Monitors (BPM). In the
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BDS, additional tuning is required using optical knobs that move several multi-pole magnets simultaneously to
correct the optics properties.

The performance specifications for the alignment systems and instrumentation are kept the same at 380 GeV
and 3 TeV and correspond to the CDR description. They are sufficient to achieve the required performance at 3 TeV
and most of them could be relaxed for the first energy stage, typically by about a factor of two, to meet the same
emittance budget. However, the original, better performances are required for the upgrade to the higher energy
stages. No substantial cost saving has been identified by relaxing the specifications for the first stage. Therefore,
it has been decided to ensure that the system is consistent with the final energy from the very beginning, thus
avoiding the need to upgrade the already existing hardware. This also provides additional margin for achieving
the required luminosity.

The tuning procedures for the RTML and the BDS have been improved during the last years. Studies of the
static imperfections in the RTML [21, 22], the Main Linac [23] and the BDS [24] show that the target budgets can
be met in each system with a margin; in the BDS, the tuning is now also much faster.

Also, for the dynamic imperfections the vertical emittance budgets are the same for 380 GeV and 3 TeV. Key
imperfections are the movement of components due to ground motion or technical noise, phase and amplitude
jitter of the drive beam, and potentially dynamic magnetic fields.

The level of ground motion is site dependent; measurements in the LEP tunnel showed very small motion [25]
while measurements in the CMS detector hall showed much larger motion [26]. With the new design of the final
focus system, all relevant accelerator components are mounted in the tunnel of the collider, so one can expect
ground motion levels similar to the LEP tunnel. However, for the ground motion studies the level of the CMS
detector hall has been used in order to evaluate the robustness of the solutions. The ground motion is mitigated
by the design of the magnets, a mechanical feedback that decouples them from the ground, and by beam-based
feedback on trajectories. Prototypes of the mechanical feedback have been tested successfully. In the CDR, detailed
studies of the 3 TeV stage showed that the performance goal can be met with margin. Studies of the 380 GeV
case [27] confirm that ground motion will only use about 10% of the budget allocated to dynamic imperfections.

Dynamic magnetic stray fields may deflect the colliding beams, leading to trajectory jitter and emittance growth,
thus reducing luminosity. Their impact is particularly large in the RTML and the BDS. In the latter they are
more important at 380 GeV than at 3 TeV due to the lower beam energy. A study in collaboration with experts
from the Hungarian Geophysics Institute has commenced to investigate these fields and define the mitigation
technologies. The magnetic fields can originate from different sources: natural sources, such as geomagnetic storms;
environmental sources, such as railway trains and power lines and technical sources, i.e. from the collider itself. A
survey of natural sources showed that they should not affect the luminosity [28] and a measurement station has been
established in the Jura mountains near CERN to collect long-term regional data. The study of the environmental
and technical sources has started but is not yet complete. Preliminary estimates have been performed using the
magnetic field variations that were measured in the LHC tunnel. They concluded that a thin mu-metal shield of
the drifts in the RTML and BDS can bring the fields down to a level that does not impact luminosity [27].

Further development of the foreseen technical and beam-based imperfection mitigation systems could allow for
a reduction in the emittance budgets and an increase in the luminosity target. Also, new systems could be devised
to this end. As an example, the addition of a few klystron-powered, higher-frequency accelerating structures could
allow to reduce the energy spread of the colliding beams, which can improve the luminosity and also the luminosity
spectrum for specific measurements such as the top-quark threshold scan.

2.1.5 Beam experiments

Beam experiments and hardware tests have provided the evidence that the CLIC performance goals can be met.
Some key cases are discussed in the following, while Appendix A contains a more comprehensive overview of
performance demonstrations.

Two beam acceleration To test the drive-beam concept, the third CLIC Test Facility (CTF3) [29] was constructed
and operated by an international collaboration. It has addressed the key points of the concept:

e The stable acceleration of the initial high-current drive beam in the accelerator.

e The high transfer efficiency from the RF to the drive beam.

e The generation of the final drive-beam structure using the delay loop and a combiner ring.

e The quality of the final drive beam. In particular, feedback has been used to stabilise the drive-beam current
and phase to ensure correct main-beam acceleration. CTF3 achieved the drive-beam phase stability that is
required for CLIC [27, 30-32].

e The process of RF power extraction from the drive beam and its use to accelerate the main beam, and the

performance of the associated hardware. The main beam has been accelerated with a maximum gradient of
145 MV /m.
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Fig. 4 The two-beam
acceleration test stand in the
CTFS3 facility. The drive
beam enters from the
middle-right, while the
probe (main) beam enters
from the bottom-right

CTEF3 established the feasibility of the drive-beam concept and the ability to use this scheme to accelerate the
main beam. As mentioned in 2.1.5 the results are summarized in [33], and the references therein give more details
concerning the points listed above. Figure 4 shows the corresponding two-beam acceleration test stand in the
CTEF3 facility.

CTF3 has also been instrumental for the development of all the different hardware components that are essential
for the scheme — among them the drive-beam gun, the bunch compressor, the drive-beam accelerating structures,
RF deflectors, the PETS including a mechanism to switch them off individually, the power distribution waveguide
system, fast-feedback systems, drive-beam current and phase monitors, as well as other instrumentation. CTF3
stopped operation after successfully completing its experimental programme in December 2016 and a new facility,
CLEAR, is operated [34] in the same location. It re-uses the CTF3 main-beam installations and additional hardware
and it runs as a user facility, including for collider R&D [35].

Other beam experiments and hardware tests

e The successful technology demonstration of the CLIC accelerating gradient is discussed in detail in Appendix A.
The main performance limitation arises from vacuum discharge, i.e. breakdowns; a rate of less than 3 x 107 m~!
is required for the target gradient of 72 MV /m. The key parameters for the accelerating structure and the beam
have been optimised together. In particular, structures with smaller iris apertures achieve higher gradients for
the same breakdown rate, but they reduce the maximum bunch charge for stable beam transport because they
produce stronger wakefields.

o The Stanford Linear Collider (SLC) [36], the only linear collider so far, is a proof of principle for the linear
collider concept and contributed important physics data at the Z-pole. The SLC achieved collision beam sizes
smaller than nominal, but did not reach the nominal bunch charge [37]. Two collective effects led to the charge
limitations. They have been fully understood and are not present in the CLIC design.

e The electron polarisation that has been achieved at collision in SLC is similar to the CLIC goal.

e The strong beam—beam effect increases the luminosity in CLIC. This effect has been observed at the SLC, in
agreement with the theoretical predictions [38].

e Modern light sources achieve CLIC-level vertical emittances, in particular the Swiss Light Source and the
Australian Light Source [39-41].

e CLIC parameters require strong focusing at the IP. This focusing has been demonstrated at two test facilities,
FFTB [42] at SLAC and the Accelerator Test Facility ATF2 [43, 44] at KEK. The achieved vertical beam sizes
were 40% and 10% above the respective design values for these test facilities. In the super B-factory at KEK
the beams will perform many turns through the final focus system, still one aims at beta-functions that are
only a factor three larger than in CLIC, and even smaller beta-functions similar to the CLIC values are being
discussed [45].

o The use of beam-based alignment, i.e. dispersion free steering [46, 47] to maintain small emittances in a linac
has successfully been tested in FACET [48] and FERMI [49].

e The effective suppression of harmful long-range wakefields has been tested with beam in the CLIC accelerating
structures [50].

e The novel precision pre-alignment system of CLIC and sophisticated beam-based alignment and tuning ensures
the preservation of the beam quality during transport. The alignment system is based on a concept developed
for the LHC interaction regions, but with improved performance. Prototypes have been built and successfully
tested, see Sect. 4.10.
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e Quadrupole jitter has been an important source of beam jitter in the SLC. For CLIC this has been addressed by
designing the magnet supports to avoid resonances at low frequencies and by developing an active stabilisation
system for the magnets, which demonstrated a reduction of the jitter to the sub-nanometre regime, see Sect. 4.10.

e CLIC requires excellent relative timing at the 50 fs level over the collider complex. CTF3 has demonstrated the
phase monitor and correction with fast feed-forward [32]. Modern Free Electron Lasers (FEL) have developed
the technology to provide the timing reference over large distances.

e High availability is key to achieve the luminosity goal. The very reliable routine operation of light sources,
FELs, the B-factories and the LHC provide concepts to address this issue.

In conclusion, the CLIC parameters are ambitious but are supported by simulation studies, measured hardware
performances and beam tests. This gives confidence that the goals can be met.

2.1.6 Operation and availability

The machine protection and operational considerations and strategies at 380 GeV are similar to those at higher
energies and are described in the CDR [1]. Machine protection relies on passive protection and the processing of
the diagnostics data between two beam pulses to generate a beam permit signal.

Different events can impact both operation and availability and can be roughly categorised as:

o Events that do not require an intervention in the machine and are handled by the control system. These include
RF breakdowns in the accelerating structures, which will lead to a small energy error and potentially slight
transverse deflection of the beam. Typically this will happen only every 100 beam pulses and will be corrected
by the feedback systems.

e Events that require a short stop on the machine but no intervention, such as a false trigger of the machine
protection system — e.g. caused by a single event upset. In this case, the machine can be brought back to full
intensity in a few seconds.

o Failures of machine components that might compromise the performance but do not require stopping the beam.
This includes failures of klystrons or instrumentation. These are mitigated by providing sufficient reserve.

o Failures that require to stop the beam and repair the machine. This is the case for failures of power converters.

Based on an assessment of the complexity of the different systems, an availability goal has been defined for each
of them. This allows investigation of individual systems and focus on the key issues.

A number of key potential failures has been studied in detail, in particular of magnet power converters and
RF power systems. In the drive-beam accelerator, a reserve of 5% RF units is installed and klystrons operate
below their maximum power. If one fails, the power of the others is increased accordingly. Similarly, BPM failures
or orbit corrector failures in the main linac compromise the correction of ground motion. However, if 10% of
them fail, the effect of ground motion is only increased by 14%. During the technical stops failed klystrons and
instrumentation can be replaced. The CLIC lattice design has been optimised to minimise the impact of power
converter failures. In particular in the drive beam, the many quadrupoles are powered in groups to minimise the
number of power converters and small trims adjust their strength as needed. Compared to individual powering,
this strongly increases the mean time between failures, since failures of trims can be mitigated to a large extent.
A similar strategy is used for the main-beam quadrupoles.

Detailed studies will be required during the technical design phase covering all components to ensure that the
availability goal can be met. Currently, considering key failures, no obstacle to reach the target availability has
been identified.

2.1.7 Annual and integrated luminosities, energy flexibility

Estimates of the integrated luminosities are based on an annual operational scenario [18]. After completion of
CLIC commissioning, the tentative plan for the operation of CLIC includes a yearly shutdown of 120 days. In
addition 30 days are foreseen for the machine commissioning, 20 days for machine development and 10 days for
planned technical stops. This leaves 185 days of operation for the experiments. The target availability for the
experiments during this period is 75%. Hence the integrated luminosity per year corresponds to operation at full
luminosity for 1.2 x 107 seconds [18].

The baseline is to run for 10 years at 380 GeV at 100 Hz, and 10 years at 1500 GeV at 50 Hz. A luminosity
ramp-up of three years (10%, 30%, 60%) is assumed for the first stage and two years (25%, 75%) for the subsequent
stage. This results in integrated luminosities of 4.3 ab™! at 380 GeV and 4.0 ab~! for the 1.5 TeV.

Prior to data-taking at the first stage, commissioning of the individual systems and one full year of commissioning
with beam are foreseen. These are part of the construction schedule.

The beam parameters can be adjusted to different physics requirements. In particular, the collision energy can
be adjusted to the requirements by lowering the gradient in the main linacs accordingly. For a significantly reduced
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gradient, the bunch charge will have to be reduced in proportion to the energy to ensure beam stability. However,
at this moment the only operation energy different from 380 GeV that is required is around 350 GeV to scan the
top-quark pair-production threshold. In this case, the bunch charge can remain constant. The RF phases of the
accelerating structures are slightly modified compared to the 380 GeV case in order to achieve an RMS beam
energy spread of only 0.3%. This allows reaching a luminosity similar to the 380 GeV goal.

Alternatively, when an even smaller beam energy spread would be required, e.g. at the 350 GeV top-quark
threshold [9], the beam energy can be lowered at the cost of a reduction in luminosity. One can reduce the bunch
charge by 10% and increase its length by 10%. This would keep the wakefield effects in the main linac constant.
This configuration reduces the luminosity by around 20%, but reduces the beam energy spread to 0.2%. Similarly,
it is possible to reduce the beamstrahlung by increasing the horizontal beam size, in cases where the improved
luminosity spectrum is considered more crucial than the luminosity.

Furthermore, gamma-gamma collisions at up to ~315 GeV are possible with a luminosity spectrum interesting
for physics [51].

Z-pole running Occasionally operating the fully installed 380 GeV CLIC accelerator complex at the Z-pole can
be motivated by detector calibration purposes. In this scenario the main linac gradient needs to be reduced
by about a factor four. The bunch charge is reduced by a similar amount, but the normalized emittances and
bunch length remain the same. The beam size at the interaction point increases with the square root of 1/E in
the transverse planes. Together this leads to a luminosity reduction roughly proportional to E2, resulting in an
expected luminosity of about 6.9 x 1032 cm~2s~! for 100 Hz operation at 91 GeV.

Alternatively, an initial installation of just the linac needed for the 91 GeV Z-pole, and an appropriately adapted
beam delivery system, would result in a luminosity of 1.1 x 1034 cm~2s~! for 100 Hz operation. Or, one could
operate with a short linac (approximately 1 km of main linac on each side), before the full 380 GeV machine is
installed, quite feasibly using a klystron driven linac. In this scenario the bunch parameters remain unchanged,
except for the beam energy, and hence the beam size, at the interaction point. In this case, the luminosity scales,
roughly, with the energy. The Z-pole operation could also be set up before one moves to the next energy stage.
Hence, at the Z-pole, between 7.5 fb~! and 135 fb~—! can be achieved per year for an unmodified and a modified
collider, respectively. As for all other CLIC energies, £80% longitudinal electron polarisation is available at the
Z-pole.

2.2 CLIC at 250 GeV

A 250 GeV option can be implemented by using the 380 GeV design as basis, removing 35% of the two-beam
modules in each sector, and reducing the drive-beam energy correspondingly. The lower number of modules and
the lower-energy drive beam linac give significant initial cost savings if the 250 GeV is run as a first stage.
The upgrade to 380 GeV is then straight-forward; installing the missing modules, and extending the drive beam
accelerator. This initial missing-module approach is therefore the most practical and economic option for operation
at 250 GeV.

The luminosity of the 250 GeV machine is assumed to scale with the energy, thus a factor (250/380) lower than
that of the 380 GeV machine, yielding about 3.0 x 10**ecm™2s~! at 100 Hz.

2.3 Extension to higher energy stages

The CLIC 380 GeV energy stage can be efficiently upgraded to higher energies. This flexibility has been an integral
part of the design choices for the first energy stage.

With a single drive beam complex and running at 100 Hz, the machine can be upgraded to 550 GeV. With a
single drive beam complex and running at 50 Hz, the machine can be upgraded 1.5 TeV, and possibly to 2 TeV.
A detailed description of the 3 TeV stage is documented in the CLIC CDR [1]. Two drive beam complexes are
required for the 3 TeV machine. A 3 TeV machine would need a different tunnel layout to one presented in Sect. 5.

A design for 1.5 TeV has been worked out in detail, and its parameters are given in Table 2. The table also
contains numbers for a 250 GeV and 550 GeV CLIC. The power and luminosity at the latter two energies are
scalings, based on the 380 GeV and 1500 GeV designs.

In the 380 GeV stage, the linac consists of modules that contain accelerating structures that are optimised for
this energy. At higher energies these modules are reused and new modules are added to the linac. First, the linac
tunnel is extended and a new main-beam turn-around is constructed at its new end. The technical installations
in the old turn-around and the subsequent bunch compressor are then moved to this new location. Similarly, the
existing main linac installation is moved to the beginning of the new tunnel. Finally, the new modules that are
optimised for the new energy are added to the main linac. Their accelerating structures have smaller apertures and
can reach a higher gradient of 100 MV /m; the increased wakefield effect is mitigated by the reduced bunch charge
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Table 2 Key parameters for 380 GeV and 1.5 TeV stages of CLIC

Parameter Unit 380 GeV 1.5 TeV 250 GeV 550 GeV
Centre-of-mass energy GeV 380 1500 250 550
Repetition frequency Hz 100 50 100 100

Nb. of bunches per train 352 312 352 352
Bunch separation ns 0.5 0.5 0.5 0.5
Pulse length ns 244 244 244 244
Accelerating gradient MV/m 72 72/100 72 72

Total luminosity 1034 em 257! 4.5 3.7" ~3.0 ~6.5
Lum. above 99% of /s 10%* cm ™21 2.7 1.4 ~2.1 ~3.2
Total int. lum. per year fb~! 540 444 ~350 ~780
Power consumption MW 166 287 ~130 ~210
Main linac tunnel length km 11.4 29.0 11.4 ~15

Nb. of particles per bunch 10° 5.2 3.7 5.2 5.2
Bunch length pm 70 44 70 70

IP beam size nm 149/2.0 60/1.5 ~184/2.5 ~124/1.7

Parameters for energy options at 250 GeV and 550 GeV are also given; for these options the power and luminosity are scalings,
based on the 380 GeV and 1.5 TeV designs.

*The luminosity for the 1.5 TeV machine has not been updated to reflect recent alignment studies [20]. If the same method is

applied, the luminosity at 1.5 TeV is expected to reach 5.6 x 10* cm =257 1.

Fig. 5 The concept of the drive beam —
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and length. The beam delivery system has to be modified by installing magnets that are suited for the higher
energy and it will be extended in length. The beam extraction line also has to be modified to accept the larger
beam energy but the dump remains untouched. The concept for upgrading from a 380 GeV stage to a 1.5 TeV
stage is shown schematically in Fig. 5.

In the following only the baseline is discussed. The design of the first stage considers the baseline upgrade
scenario from the beginning. For the luminosity target at 380 GeV, the resulting cost increase of the first stage is
50 MCHF compared to the fully optimised first energy stage alone (without the constraints imposed by a future
energy upgrade beyond 380 GeV). To minimise the integrated cost of all stages, the upgrades reuse the main-beam
injectors and the drive-beam complex with limited modifications, and reuse all main linac modules.

In order to minimise modifications to the drive-beam complex, the drive-beam current is the same at all energy
stages. The existing drive-beam RF units can therefore continue to be used without modification. In addition, the
RF pulse length of the first stage is chosen to be the same as in the subsequent energy stages. This is important
since the lengths of the delay loop and the combiner rings, as well as the spacings of the turn-around loops in the
main linac, are directly proportional to the RF pulse length. Hence, the constant RF pulse length allows the reuse
of the whole drive-beam combination complex. For the upgrade from 380 GeV to 1.5 TeV, only minor modifications
are required for the drive-beam production complex. The drive-beam accelerator pulse length is increased in order
to feed all of the new decelerators, and also its beam energy is increased by 20%. The energy increase is achieved
by adding more drive-beam modules. The pulse length increase is achieved by increasing the stored energy in the
modulators to produce longer pulses. The klystron parameters in the first energy stage have been chosen to be
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compatible with the operation using longer pulses and higher average power. The remainder of the drive-beam
complex remains unchanged, except that all magnets after the drive-beam linac need to operate at a 20% larger
field, which is also foreseen in the magnet design. An upgrade from 1.5 TeV to 3 TeV would require the construction
of a second drive-beam generation complex.

The impact of the upgrades on the main-beam complex has also been minimised by design. The bunches of the
main-beam pulses have the same spacing at all energy stages, while at higher energies the number of bunches per
train and their charge is smaller. Therefore the main linac modules of the first stage can accelerate the trains of
the second and third stage without modification. Since the drive-beam current does not change, also the powering
of the modules is the same at all energies. The upgrade to 1.5 TeV requires an additional 9 decelerator sectors per
side and a 3 TeV stage would need another 12. An upgrade from 380 GeV to 550 GeV requires an additional 2
decelerator sectors per side.

Still some modifications are required in the main-beam complex. The injectors need to produce fewer bunches
with a smaller charge than before, but a smaller horizontal emittance and bunch length is required at the start of
the main linac. The smaller beam current requires less RF, so the klystrons can be operated at lower power and
the emittance growth due to collective effects will be reduced. The smaller horizontal emittance is mainly achieved
by some adjustment of the damping rings.

The preservation of the beam quality in the main linac is slightly more challenging at the higher energies.
However, the specifications for the performance of alignment and stabilisation systems for the 380 GeV stage are
based on the requirements for a 3 TeV stage. They are therefore sufficient for high energy stages and no upgrades
of these systems are required.

The collimation system is longer at higher energies to ensure the collimator survival at the higher beam energies.
Similarly the final focus system is slightly longer to limit the amount of synchrotron radiation and emittance
degradation in the indispensable bending of the beams. The systems have to be re-built using higher field magnets.
However, the integration into the existing tunnel is possible by design. The extraction line that guides the beams
from the detector to the beam dump will also need to be equipped with new magnets.

3 System overview

In this section, we review each of the major accelerator subsystems, give an overview of each system’s functioning,
and show the important parameters.

3.1 Main-Beam Injectors

The CLIC Main Beam Injectors (MBIs) consist of a polarised electron source, a conventional electron source,
and an unpolarized positron source. The polarised low-emittance electron source is a photo-injector followed by a
dedicated electron injector linac accelerating the beam to 2.86 GeV, which provides the high-brightness electron
beams for the collider. The polarised beam passes through a spin rotator before and after the damping ring (DR),
followed by a bunch compressor and the booster linac, which brings the beam to 9 GeV energy. The electron
source for positron production is a conventional thermionic gun that delivers a low-quality unpolarized beam to
the tungsten target of the positron source. The generated positrons are focused and re-accelerated to 2.86 GeV
in a dedicated positron linac. The large phase space of the positrons is reduced to the required emittance in a
pre-damping ring (PDR) followed by a damping ring (DR). The bunch compressor and the booster linac are shared
with the electron beam. The injector complex is located in a central complex on the surface, parallel to the main
linac tunnel. This allows the injector installations to be retained for upgrades to higher energies. A schematic view
of the injector complex is shown in Fig. 6.

The injector linacs use a 2 GHz RF system and FODO lattices. Two compressed RF pulses, spaced by 5 ps,
accelerate the positron and the electron beam in the common booster linac, allowing individual beam loading
compensation. The beam dynamics of the injector linacs and the bunch compressor have been optimised and
updated. Details can be found in [22].

The CLIC polarised electron source uses a DC-photo injector followed by a 2 GHz bunching and accelerating
system. The spin-polarised electrons are generated using a polarised laser impinging on a strained GaAs cathode.
Such cathodes have been used at several accelerator laboratories and demonstrated the CLIC requirements in
terms of lifetime and charge extraction [52]. The electrons are accelerated in a pre-injector up to 200 MeV before
being injected into the electron injector linac, which boosts their energy to 2.86 GeV. A spin rotator orients the
spin vertically before injection into the DR.

The CLIC positron source consists of a 2.86 GeV electron beam impinging on an amorphous tungsten target
— the hybrid target considered in previous design stages was given up. Recent improvements in positron capture
efficiency allowed the energy of the driver beam to be reduced from 5 GeV to 2.86 GeV, which saves cost and
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Fig. 6 Schematic layout of Spin rotator
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Table 3 Beam parameters at

the entrance of the Parameter Unit Polarized electrons Positrons
Pre-Damping Ring for
polarized electrons and for E GeV 2.86 2.86
positrons at 2.86 GeV N - 6 x 10° 6 x 10°
ng - 352 352
Aty ns 0.5 0.5
tpulse ns 176 176
€x,y mm mrad <25 7071, 7577
o mm <4 3.3
OE % <1 1.63
Charge stability shot-to-shot % 1 1
Charge stability flatness on flat top % 1 1
frep Hz 50 50
P kW 45 45

electrical power [53]. This also led to significantly less peak-power-deposition density (PEDD) in the amorphous
target, which ensures a longer target lifetime. The positrons are captured after the target with an adiabatic
matching device and accelerated into a 2 GHz capture linac, bringing the positrons to 200 MeV energy. Recent
simulations and updates to the system showed that the positron yield from the target to the Pre-Damping Ring
(PDR) could be increased significantly compared to the CDR and PIP results, to ~1 e™ /e~ [54].

Several changes have been implemented in the DR complex relative to the systems described in the CDR [55].
The updated scheme consists of changing the RF frequency from 1 to 2 GHz in all damping rings, removing the
need for the Delay Loop. The electron PDR considered in previous design stages is no longer needed because the
electron injector can deliver an emittance smaller than 25 mmmrad and can be injected directly into the DR. In
contrast, with its high incoming emittance, the positron beam continues to require a PDR. Thus, the positron
bunch train is delayed 20 ms relative to the corresponding electron beam, and is therefore synchronous with the
subsequent electron bunch train given the 50 Hz train repetition frequency. Finally, the yield in the positron
production chain has been increased significantly, and a single positron production target is sufficient instead of
two parallel targets as in the CDR. The different linacs of the injector complex are now housed in one big tunnel
with the damping rings stacked on top of each other, on one end to optimise the need for tunnels and buildings.

The beam parameters at the entrance to the rings have changed slightly from the CDR and can be found in
Table 3. The bunch charge is increased, and the number of bunches is slightly higher. The bunch spacing is now
0.5 ns, so the train length is shorter. The injectors have been designed to provide about 15% more intensity than
required at the input of the DR providing a margin for unexpected beam losses. Two adjacent RF pulses in the
booster linac accelerate the electron and positron beams. The time interval between the first electron and positron
bunches is 5 ps, which corresponds to the difference in path length due to the civil engineering footprint of the
collider. A summary of the main components of the injector linacs can be found in Table 4. A detailed description
of the designs of the RF accelerating structures used in the injector complex can be found in [56].

3.2 Damping Rings

The Damping Rings (DRs) are a fundamental part of the CLIC injector complex and are required to damp the
large emittance of the injector linac beams, particularly for positrons, in all three dimensions to obtain the desired
luminosity. The normalised transverse emittance of the incoming beam is to be reduced to 500 nm and 5 nm in
horizontal and vertical directions, respectively, at an energy of 2.86 Gev, corresponding to geometric emittances
of around 90 pmrad and 0.9 pmrad. These transverse emittances, combined with the longitudinal emittance
specification of 6 keV m (i.e. ultra-short bunch lengths of below 2 mm), while individually achieved in light sources
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Table 4 Main parameters

and components of the LINAC Integrated Voltage Charge  Gradient RF-units Length
Injector Linacs (GeV) (nC) (MV/m)  No. (m)

A RF unit consists of a Electron Injector Linac  2.86 1 15.6 3041 250
modulator, a klystron, a ] )

pulse compressor and two Positron Linac 2.86 1 14.5 32+1 280
accelerating structures. Booster Linac 6.14 0.83 16.7 62+2 550
Spare units are added to the  Bynch Compressor BC1 0.5 0.83 14 5+1 50

number of RF units.

in operation, are unprecedented in combination with a high bunch population of 5.7 x 10° (a margin for the bunch
charge was put in the design since only 5.2 x 10° are needed for collision). The generation and preservation of this
high bunch brightness is subject to a number of collective effects (intra-beam scattering, space-charge, coherent
instabilities including e-cloud for positrons and fast-ion for electrons) and drives both the optics of the rings and
the various mitigation measures for vacuum design and feedbacks [57-61]. After the publication of the CDR [55]
and in view of a CLIC staged approach [7], an effort was made to revise the DR system, adapting its performance
to the different stages of the collider and in particular to the 380 GeV first stage.

A schematic view of the DR complex with the e~ and et DR and the positron PDR (red) is shown in Fig. 6.
In the original design, four rings were foreseen: a PDR and a main DR for each particle species. Now, only three
are needed. In the positron line, the PDR is necessary due to the large input emittance coming from the positron
source, which requires dynamic and momentum acceptances incompatible with the design of a high-focusing ultra-
low emittance main DR. In addition, the storing time of 20 ms, corresponding to the high repetition rate of the
collider, 50 Hz, is not long enough to allow the large injected emittances to damp to the required output value.
In the case of the electrons, a combination of a high-brightness source and a careful emittance preservation in
the injector linac could allow for a transverse input normalised emittance value of around 10 pm, which is lower
in the horizontal but higher in the vertical plane, with respect to the actual performance of the PDR. A careful
Dynamic Aperture (DA) optimisation of the DRs in the vertical plane confirmed that such an emittance could be
accommodated in the main rings, thereby making the electron PDR, obsolete. The possibility exists of replacing the
positron PDR with a booster ring, which could simultaneously dampen and accelerate the beam, thereby reducing
the positron linac cost.

In the CDR [1], the injected bunch train structure in the DRs was composed of two trains with twice the
nominal separation (1 vs 0.5 ns), separated by half the DR circumference. The two-train structure of 1 GHz
was chosen to reduce the transient beam loading effects in the RF cavities of the DRs. These trains were damped
simultaneously and then extracted in a single turn from the main DR. A delay and recombination loop was located
downstream of the rings, and served to combine the two trains into one, through an RF deflector, thus providing
the required 2 GHz bunch structure. However, it was apparent [62] that an RF system with a frequency of 2 GHz
has no higher technological difficulties than a system with an RF frequency of 1 GHz. In addition, using 2 GHz
avoids the complexity of the RF deflector for the train recombination and reduces the impedance that might
affect the transverse emittances. The RF option with a frequency of 2 GHz was then chosen as the baseline. A
design optimisation of the RF system, including low-level RF, was further studied using a novel concept which
significantly reduced the DR power consumption [63, 64].

The DRs design is based on a racetrack shape composed of Theoretical Minimum Emittance (TME) arc cells,
FODO cells, straight sections, and Super-Conducting (SC) damping wigglers. The DR design was revised based
on recent developments in the low-emittance rings community for both beam dynamics and technology. This
resulted in a new DR arc cell employing a novel concept of a TME with a longitudinally varying bend [60, 65-67].
This dipole with a varying field along the longitudinal position and including a small transverse gradient can
further reduce the horizontal emittance while keeping the same space constraints of the TME arc cell. A variable
dipole prototype based on permanent magnet technology was designed and built at CIEMAT [68], achieving all
specifications, including field quality. Furthermore, using a novel wire technology with NbsgSn, higher fields can
be reached in the SC wigglers [69, 70] for roughly the same period length. These two considerations enabled the
reduction of the DR circumference by approximately 13%, while maintaining their performance. The parameters
for the new design are found in Table 5. This design achieves normalised emittances within the required targets for
all collider flavours and even higher bunch charge with some margin. The damping times are short enough to enable
operation at 100 Hz, without requiring the storage of more trains and operating in staggered mode. Finally, the
lattice design was revised, significantly reducing chromaticity and increasing the dynamic aperture [60]. Additional
work was undertaken in collaboration with the light-source community for beam tests of critical hardware, such as
the SC wigglers [71, 72] and the kicker system [73-77]. In particular, a variable bend concept spin-off was further
developed through EU funds with the involvement of industry, for building another prototype with slightly pushed
parameters, which could reduce the horizontal emittance of the already upgraded ELETTRA storage ring by an
additional factor of two [78].
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Table 5 Design parameters
for the improved design of
the CLIC DRs, for the case

Eur. Phys. J. Spec. Top. (2026) 234:6473-6652

Parameters, Symbol [Unit]

Variable dipole

of frr = 2 GHz and Energy, E [GeV] 2.86

N, = 5.7 x 10° Bunch population, Ny, [10°) 5.7
Circumference, C' [m] 373.7
Number of arc cells/wigglers, Ngq/N., 90/40
RF Voltage, Vrr [MV] 6.50
RF Stationary phase [°] 63.0
Harmonic number, A 2493
Momentum compaction, . [1074] 0.88

The magnetic field is varying
along the dipoles [60].

Table 6 Beam parameters

Damping times, (72, 7y, 1) [ms]
Energy loss/turn, U [MeV]
Horizontal and vertical tune, (Qz, Qy)

(1.19,1.23, 0.61)
5.8
(51.18, 14.55)

Horizontal and vertical chromaticity, ({z, &) (—67, =75)
Wiggler peak field, By, [T] 3.5
Wiggler length, L., [m] 2

Wiggler period, Ay [cm)] 4.9
Normalized horiz. emittance with IBS, ve, [nm-rad] 472
Normalized vert. emittance with IBS, e, [nm-rad] 4.6
Longitudinal emittance with IBS, € [keVm] 5.8

IBS factors hor. /ver./long.

1.24/1.26/1.02

assumed at the entrance and  Farameter Unit Entrance Exit

required at the exit of the

CLIC RTML Bunches per train 352
Particles per bunch 5.2 x 10°
Beam energy GeV 2.86 9
Bunch length (o) pm 1800 ~T0
Energy spread (0g/E) % 0.12 <1.7
Horizontal emittance (€n,o) nm- rad 700 < 800
Vertical emittance (€n,y) nm- rad 5 <6

3.3 Ring To Main Linac sections

3.3.1 Overview

The Ring To Main Linac (RTML) sections transport the electron and the positron beams from their respective
damping ring at ground level to the main start points of the main linacs underground. While transporting the
beam and matching the geometric layout of the beamlines, the RTML must preserve the ultra-low beam transverse
emittances from the damping rings, increase the beam energy from 2.86 GeV to 9 GeV, and compress the bunch
length from 1.8 mm to ~70 pm. Table 6 summarises the beam parameters assumed at the entrance and required at
the exit of the CLIC RTML. The layout and total lengths of the electron and positron RTMLs are different, as the
two lines have to accommodate different tunnel requirements and guarantee the correct arrival time of the beams
at the linacs start and, therefore, at the Interaction Point (IP). The electron line comprises eight subsystems: the
Spin Rotator (SR), the two Bunch Compressors (BC1 and BC2), the Booster Linac (BL, which is shared between
electrons and positrons), the Central Arc (CA), the Vertical Transfer (VT), the Long Transfer Line (LTL) and
the Turn-Around Loop (TAL). The positron RTML comprises the same subsystems as the electron line, except
for the Spin Rotator, which is absent and labelled as Transport Line (TL) in the tables of this section. A sketch
of the whole RTML showing all subsystems is visible in Fig. 7.
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Fig. 7 Sketch of RTML
section, all subsystems are
visible (dimensions
not-to-scale)

Bunch Compressor2  Main Linac Main Linac  Bunch Compressor 2

e- Central Arc &
Long Transfer Line Vertical Transfer Long Transfer Line

Spin Rotator
was e+ Central Arc &
Vertical Transfer

Booster

Turn Around Loop Bunch Compressor 1 Turn Around Loop

Table 7 Main parameters of . « . « 5
the two types of RF Parameter Unit CLIC L-band TD-31” X-band

structures used in the RTML

Section BC1 & BL BC2
RF frequency GHz 1.999 11.994
Structure length m 1.5 0.275
Number of cells 30 33
Phase advance per cell deg 120 120
Working RF phase deg 90 90
First iris radius mm 20 4.062
Last iris radius mm 14 2.6
Average iris radius mm 17 3.331
First iris thickness mm 8 2.525
Last iris thickness mm 8 1.433
Average iris thickness mm 8 1.979
Table 8 Optimal voltages -
and bending angles for BC1 Parameter Symbol Unit BC1 BC2
and BC2
Total voltage |4 MV 450 650
Bending angle 0 ° 3.95 1.55

3.3.2 Design choices

The electron RTML starts with the tunable spin rotator (SR), which enables the arbitrary orientation of the beam
polarisation. Its design is unchanged from the CDR and is documented in [79] and in the CDR. Since the axis
of the SR extraction runs parallel to the ML, the electron beam depolarisation between the SR and the end of
the ML is minimal (the small bending angle introduced by the Beam Delivery System (BDS) leads to negligible
depolarisation).

Bunch compressors 1 and 2, located respectively at the beginning and end of each RTML, have been adapted
from the 3 TeV CLIC design to the single-bunch parameters of the 380 GeV energy stage. The bunch length is
compressed from 1.8 mm to 235 pm in BC1 and from 235 pm to 70 pm in BC2. Due to the flexibility of the original
design, it was possible to adjust the magnetic chicanes and the operating parameters of the RF systems without
changes in the layout [80].

In contrast, the RF systems of the two bunch compressors, 2 GHz for BC1 and 12 GHz for BC2, have been
significantly redesigned and improved compared to previous documents [22]. The BC1 RF has been updated to
use the same L-band RF structure as the Booster Linac (BL), the so-called “CLIC L-band” structure. The BC2
RF has been updated to use the “TD-31” X-band structure designed and optimised for the klystron-based version
of the CLIC ML [5]. The RTML’s structures parameters are summarised in Table 7. The integrated voltage and
required bending angles in the RF section and magnetic chicanes of BC1 and BC2 are reported in Table 8. An
optimisation of the booster RF system aimed at minimising cost while maximising efficiency leads to having the
two-electron/positron pulses separated by 5 nus [56].

3.3.3 Beam performance

One of the main challenges of the RTML is to meet the tight emittance budgets summarised in Table 9 while
providing isochronous transport. Compared to the CLIC CDR parameters [55], the increased bunch charge and
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Table 9 Budget for the normalised emittance growth at the end of the RTML

Emittance budget(*) Unit €n,z €n,y
Perfect machine nm.rad < 800 <6
Static imperfections nm.rad < 820 <8
Static and dynamic imperfections nm.rad < 850 <10

) 90'" percentile.

800 v T T T 6 800

780 458

€ny [NM]

720

|

2000 4000 6000 8000 0 2000 4000 6000 8000
z[m] z[m]

700

o

Fig. 8 Design emittance growth along the RTML beamline for electron (left) and positron lines (right)

bunch length of the 380 GeV energy stage affect the two main effects that drive the RTML design: The increased
charge induces stronger emission of synchrotron radiation in all bending magnets; the increased bunch length
enhances the wakefield effects in the accelerating structures, especially the transverse component. On the other
hand, the increased bunch length reduces the emission of the coherent component of the synchrotron radiation,
which is the most harmful. These effects have been considered and carefully balanced throughout the whole RTML,
leading to the so-called “design” emittance growth. The design of the arc cells is the same as described in the CDR,
and is common to both CA and TAL. It consists of highly focused double-bend achromatic cells with sextupoles
for chromaticity correction, making the arcs particularly sensitive to imperfections. The design emittance growth
along the RTML beamline due to all these effects is shown in Fig. 8. From the plot, one can notice that the electron
line shows a larger design emittance growth due to the presence of the central arc, as can be seen in the figure.

The design’s complexity makes the RTML extremely sensitive to static and dynamic imperfections due to
the high bunch charge and bunch length. Beam-based alignment (BBA) techniques are therefore mandatory to
preserve the ultra-low emittances from the DR to the Main-Linac entrance and then to the IP, under the effects
of misalignments and other static imperfections. Table 10 summarises the static imperfections considered, which
therefore constitute pre-alignment requirements. Notice that all the tabulated numbers have already been achieved
and exceeded in existing machines, like light sources.

The BBA procedure designed for the RTML involves a few iterations of orbit correction and dispersion-free
steering (DFS) in all subsystems [46], followed by an iteration of emittance tuning bumps.

In the Central Arc and Turnaround Loops, the test beam for DFS is obtained by reducing the magnetic strength
of all magnets by 5%. The correction is applied piecewise to short bins along each subsystem, with a short overlap
between successive bins.

The emittance tuning bumps are implemented using the first five sextupoles of both the CA and the TAL, which
are moved transversely using a Simplex algorithm aimed to minimise the transverse beam emittance at the Main
Linac entrance, removing the effects of coupling and optics mismatch. This tuning relies on repeated emittance
measurements in the dedicated measurement station located at the RTML end, with an assumed resolution of
10%.

Detailed studies have been carried out to assess the performance of the BBA procedures, taking into account ele-
ment pre-alignment errors, magnet strength errors, and dynamic magnetic-centre shifts when scaling the magnetic
strengths for DF'S. Table 10 provides a detailed list of the imperfections considered.

Since the CDR, the BBA procedure has been significantly improved. Indeed, the results of the simulations show
that the emittance budgets for the 380 GeV and the 3 TeV stages of CLIC could be fulfilled. That is, more than
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Table 10 Static - -

imperfections considered Imperfection Unit Value
Magnet and BPM positron error pm 30
Magnet and BPM tilt error prad 100
Magnet and BPM roll error prad 100
Quadrupole strength error in CA & TAL % 0.01
Quadrupole strength error in other sections % 0.1
Other magnet strength error % 0.1
BPM resolution pm 1
Magnetic center shift w/ strength scaling nm / 5% 0.35
Emittance measurement uncertainty % 10

Fig. 9 Emittance at the end oy : W BBA corre;:tions : -BBA corrections
of the electron RTML after | Budget 20 | Budget
beam-based alignment and o : - - Perfect machine @ : - - Perfect machine
tuning, assuming a 10% _§ L : é - 1

emittance measurement 8 : 8 l

resolution. 95% of the g 10 ! % !

corrected machines are below g | g L :

the emittance budget at the E 1 E !

RTML exit, which meets the zZ 5] w Z 5 [

requirement of >90% ‘ 3

° 760 780 800 820 °
Enx [NM]

Fig. 10 Emittance at the
end of the positron RTML
after beam-based alignment
and tuning, assuming a 10%
emittance measurement
resolution. 97% of the
corrected machines are below
the emittance budget at the
RTML exit, which meets the
requirement of >90%

B BBA corrections
Budget
- - Perfect machine

Number of machines

760 780 800 820
€nx [nm]

Number of machines

[l BBA corrections
Budget
- - Perfect machine

90% of the simulated machines are corrected to be within the budget both in the horizontal and in the vertical
plane, which is the most critical. The distribution of final emittances of 100 random machines is shown in Figs. 9,
and 10. These new studies showed increased robustness compared with the CDR results and allowed the relaxation
of the pre-alignment tolerances for the components installation in the tunnel.

The emittance growth in the RTML is also sensitive to dynamic effects, such as transverse orbit jitter at
injection, element vibrations, and stray magnetic fields. Previous studies showed that the impact of these effects
on the emittance growth is within budgets [81, 82]. The transverse orbit jitter seems the most critical among the
dynamic effects and results in stringent stability requirements of the DR extraction elements. This led to dedicated
R&D for the DR extraction kickers, as documented in [83]. To further minimise the impact of the incoming beam
jitter on the RTML, an option for a feed-forward solution via hardware is presented in [84].

3.3.4 Component overview

Tables 11 and 12 summarise the number of elements in the RTML lattice, separated by subsection and type.
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Table 11 Number of

solenoids, dipole correctors Section SR BC1 BL CA VTL LTL TAL BC2 Total
(Steerers), bending dipoles ]
(Dipoles), quadrupoles Solenoids 4 0 0 0 0 0 0 0 4
(Quads), sextupoles (Sexts)  Steerers 72 50 75 247 73 21 392 32 962
and BPMs in each section of .
Dipol 6 4 0 155 11 0 254 8 438
the electron RTML 1poies
Quads 72 50 75 243 69 21 407 32 969
Sexts 1 0 0 124 8 0 200 0 333
BPMs 72 50 75 243 69 21 392 32 954

Table 12 Number of dipole
correctors (Steerers),
bending dipoles (Dipoles),

Section TL BC1 BL CA VTL LTL TAL BC2 Total

quadrupoles (Quads), Steerers 72 50 75 16 60 21 392 32 718
sextupoles (Sexts) and Dipoles 0 4 0 4 10 0 254 8 280
BPMs in each section of the (3,4 72 50 75 16 60 21 407 32 733
positron RTML
Sexts 0 0 0 2 6 0 200 0 208
BPMs 72 50 75 16 60 21 392 32 718
Table 13 Key beam - 5
parameters in the ML Particles per bunch 5.2 x 10 Bunches per pulse 352
Bunch spacing 15 cm Bunch length 70 pm
Initial R.M.S. energy spread <2% Final R.M.S. energy spread 0.35%

3.4 Main Linacs

3.4.1 Overview

The two Main Linacs (MLs), one for positrons and one for electrons, accelerate the beams from an initial energy
of 9 GeV to the final value of 190 GeV using normal conducting accelerating structures with an RF frequency of
12 GHz and a gradient of 72 MV /m. This choice of frequency and gradient is based on an optimisation of the total
accelerator cost. The linac design is identical for electrons and positrons and the linacs are each about 3.5 km long.
This includes a total energy overhead of 10% to allow for different operational margins. A key design goal is the
preservation of the ultra-low transverse emittances during beam transport. This goal is achieved by careful lattice
design, precise pre-alignment of the beamline components, stabilisation of the beam-guiding quadrupoles against
vibrations, and beam-based correction methods. The Main-Linac tunnel and the beamline are laser-straight. This
avoids the complications resulting from a linac that follows the curvature of the Earth [85].

3.4.2 Beam parameters

Table 13 shows the key beam parameters for the Main Linacs. In the linac, the bunch length remains constant
while the transverse emittances increase due to machine imperfections. The beam is accelerated at an average RF
phase of 12° in order to limit the final energy spread; this results in an effective gradient reduction of about 2%.

3.4.3 Linac layout and optics

The Main Linac consists of a sequence of 2.343 m-long modules. Three types of modules exist: the most common
supports eight accelerating structures (type TO0). The other two (T1 and T2) support six or four accelerating
structures and a quadrupole of 0.43 m or 1.01 m length, respectively. A single PETS in the Drive-Beam line feeds
a pair of accelerating structures.

The ML consists of five lattice sectors, each using FODO optics [86]. The phase advance is about 72° per cell
throughout the ML. The quadrupole spacing is constant in any particular sector but varies from sector to sector
following an approximate scaling with v/E (see Table 14). There is a quadrupole on every module in the first sector
(2.343 m spacing). The quadrupole spacing increases along the linac until there is one quadrupole for every four
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Table 14 The main

parameters of the different Sector number 1 2 3 4 5
ML sectors
Number of quadrupoles 120 150 86 62 156
Quadrupole length [m)] 0.43 0.43 0.43 1.01 1.01
Quadrupole spacing [m] 2.343 4.686 7.029 7.029 9.372

Table 15 Key alignment specifications for the ML components and the resulting emittance growth

Imperfection With respect to Value Aey [nm)]
1-2-1 DFS RF

Girder end point Wire reference 12 pm 12.91 12.81 0.07
Girder end point Articulation point 5 pm 1.31 1.30 0.02
Quadrupole roll Longitudinal axis 100 prad 0.05 0.05 0.05
BPM offset Wire reference 14 pm 188.99 7.12 0.06
Cavity offset Girder axis 14 pm 5.39 5.35 0.03
Cavity tilt Girder axis 141 prad 0.12 0.40 0.27
BPM resolution 0.1 pm 0.01 0.76 0.03
Wake monitor Structure centre 3.5 pm 0.01 0.01 0.35
All 204.53 25.88 0.83

The values after simple steering (1-2-1), Dispersion Free Steering (DFS) and realignment of the accelerating structures using
the wakefield monitors (RF) are shown.

accelerating modules in the last sector (9.372 m spacing). This quadrupole spacing balances the contributions to
emittance growth from dispersive and wakefield effects along the linac. The total length of quadrupoles is roughly
the same in every sector, resulting in an almost constant fill factor (the ratio of the length of the accelerating
structures to the total length). The lattice functions between sectors are matched using the last four quadrupoles
of the lower energy sector and the first three quadrupoles of the higher energy sector.

At the end of each Drive Beam sector, four of the Main Beam modules are not equipped with accelerating
structures but only with drifts. In this section, the used Drive Beam is bent into the dump line, and the new Drive
Beam is brought in. The total number of PETS per decelerator is 1,273.

3.4.4 Accelerator physics issues

The main challenge in the main linac is the preservation of the vertical emittance in the presence of static mis-
alignments of the accelerator components. A set of specifications for the imperfections has been developed together
with the different subsystem designers [87] and is given in Table 15. The emittance growth resulting from each
imperfection is also detailed for the different stages of the beam-based alignment methods. First, a simple one-
to-one steering achieves a smooth beam orbit using the BPMs. Dispersion-free alignment is then implemented by
changing the gradient in the linac for different beam pulses and identifying a common, energy-independent orbit.
Finally, the RF structures are aligned to the beam using the built-in wakefield monitors.

The expected value for the total growth is about 1 nm. The emittance growth has a stochastic probability
distribution (Fig. 11). With a probability that 90% of the machines remain below 1.5 nm emittance growth.

In addition, tuning bumps will be used to improve the emittance growth further [88]. Each bump uses
quadrupoles and girders that support RF structures. The components are moved transversely to optimise the
collider’s luminosity, thus mitigating the residual effects of the imperfections globally. With this scheme, all ma-
chines remain below an emittance growth of 1 nm.

Good vacuum quality prevents fast beam ion instability and keeps tail generation due to beam-gas scattering
low. A vacuum quality similar to that of the 3 TeV design [55] is foreseen; studies with a more refined simulation
code indicate that the requirements could be relaxed by a factor of a few [89].

3.4.5 Components

The total number of components is listed in Table 16. The alignment tolerances are listed in Table 15.
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Table 16 Key components of

the Main Linac Structures T0 914
Quadrupoles T1 356
Quadrupoles T2 218
Accelerating structures 10,184
PETS 5,092

Table 17 CLIC 380 GeV ) :

beam parameters Norm. emittance (end of linac) e, /ey [nm)] 930 / 15
Nominal beta function (IP) 85 /8; [mm] 8.0/0.1
IP beam size o7 /0, [nm)] 149 / 2.0
Bunch length o [nm)] 70
R.M.S. energy spread J, (%] 0.35
Bunch population N, [107) 5.2
Number of bunches ny, 352
Repetition rate frep [Hz| 100
Luminosity Lo [10%* cm™32s7!] 4.50

3.5 Beam delivery system

The Beam Delivery System (BDS) transports the e™ and e~ beams from the exit of the linacs to the IP and performs
the critical functions required to meet the CLIC luminosity goal. First, the beam is cleaned in the collimation section
and then it is focused with the Final Focus System (FFS) while correcting higher-order transport aberrations in
order to deliver the design IP beam sizes. The BDS new baseline foresees an L* of 6 metres with final quadrupoles
mounted outside the detector volume [90, 91], directly on the tunnel floor. The Final Focus lattice with L* = 6 m
has been lengthened by a factor 6/4.3 compared with the previous /s = 500 GeV design [92].

3.5.1 BDS optics design

The BDS has been optimized with respect to the beam parameters foreseen for the first CLIC energy stage given
in Table 17. The length of the entire 380 GeV BDS is ~ 1.95 km (with one IR) and the FFS length is 770 m.
The BDS, extended to 2.2 km is 878 m shorter than the 3.1 km BDS for the 1.5 TeV design. In order to allow
for the energy upgrade inside the CLIC tunnel, the end of the 380 GeV and 1.5 TeV BDS beamlines have been
matched such that the axis along which the maine linac (ML) is located is unchanged by the upgrade. The crossing
angles quoted in previous CLIC reports omitted the fact that the BDS has a net bending angle of 0.6 mrad (see
Fig. 12). Assuming that the two main linacs have a full crossing angle between them of 20 mrad the IP crossing
angles are given in Table 18. This small change should have negligible impact on performance. Further studies in
collaboration with the civil engineering team should refine these values, considering additional optimizations. The
FFS dipoles, quadrupoles and sextupoles have been optimized to match the desired beam parameters at the IP
while locally correcting the chromaticity generated by the Final Doublet [93, 94] (QF1 and QDO quadrupoles).
The main optical functions are shown in Fig. 13. A pair of octupoles has been introduced in the lattice to correct
the remaining 3'¢ order chromatic and geometric aberrations.

To assess beam sizes and luminosity, a beam is tracked from the end of the ML with emittances (930/15 nm)
throughout the perfect BDS. Due to the non-uniform energy spread and highly nonlinear properties of the FFS,
the rms beam sizes get artificially inflated by the bunch tails. Instead, the quoted beam sizes are computed from
Gaussian fits of the core of the beam at the IP.
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Table 18 Crossing angles at

the IP for different CLIC Beam Energy / IR Crossing Angle (mrad)
energy stages assuming that
the two main linacs are 380 GeV / IR1 17.7
placed at an angle of 20 mrad 380 GeV / IR2 27.9
1.5 TeV / IR1 21.2

Fig. 13 Optical functions through the FFS with L* = 6 m
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3.5.2 Optimization of the BDS

The CLIC CDR suggests using the BDS designed at 3 TeV as a temporary solution for operation at an intermediate
energy of v/s = 1.5 TeV, proposing a luminosity of 3.7 x 103* cm~2s~!. However, since the design is not optimized
for 1.5 TeV, studies are underway to determine its actual performance at this energy. Early results of the study
suggest that the luminosity could improve by up to 20% compared to the original CDR estimate as shown in
Table 19. In addition, a 500 m length reduction of a single BDS line is possible, offering an overall 1 km footprint
reduction of the facility. The compatibility of the new 1.5 TeV design with the 380 GeV baseline is shown in
Fig. 14. Benefiting from a 220 m length reduction in the 1.5 TeV FFS, the 380 GeV CDR FFS was replaced by
the shortened design, providing a further upgrade to 5.20 x 104 cm~2s~! luminosity at 380 GeV.

Studies show that further reductions of up to 800 m are possible, reducing costs by negating the need for one
power module at the cost of reduced luminosity. Preliminary results show that with a BDS of length 2.3 km, a
luminosity of 4.3x10%* cm™2s™! can be reached.

3.5.3 FFS tuning

Tuning of the FFS aims to bring the system to its design performance under realistic beamline imperfections [95,
96]. The procedure consists of beam-based alignment (BBA) techniques for correcting trajectory and dispersion,
and orthogonal sextupole knobs that aim to correct chosen aberrations at the IP [97], independently. The general
steps are described in the tuning procedure [98]:

Beam-based alignment (BBA) with all multipoles switched OFF

Pre-alignment of sextupoles by powering them one-by-one and monitoring luminosity
Sextupole linear knobs (transverse position)

Octupole linear knobs (transverse position)

Sextupole linear knobs (transverse position), second iteration

G o=

The most recent work on the CLIC Tuning can be found in [99].

@ Springer



6500 Eur. Phys. J. Spec. Top. (2026) 234:6473-6652

Table 19 Overview of BDS parameters for different configurations

Energy [GeV] 380 1500 3807 15007
Final drift L* [m] 6 6 6 6

FFS length [m] 770 770 550 550
BDS length [km] 1.94 3.12 1.72 2.62
Norm. emittance (end of linac) €n,z/€n,y [nm] 930/15 660/20 930/15 660/20
Beta function (IP) 85 /4, [mm] 8/0.07 8/0.11 6/0.08 6/0.08
Beam size at IP (rms) o7 /o7 [nm] 149/2.0 60/1.5 120/3.9 57/1.2
Bunch length o, [pm] 70 44 70 44
Energy spread 6, [%)] 0.3 0.3 0.3 0.3
Bunch population N [x107] 5.2 3.72 5.2 3.72
Number of bunches N, 352 312 352 312
Repetition rate [Hz] 100 50 100 50
Crossing angle [mrad] 17.7 21.2 20.2 21.2
Total luminosity Lror [10%* em™2s7) 4.50 3.70* 5.20 4.71*

The first two columns represent the baseline versions, with the 1.5 TeV baseline based on the 3 TeV CDR design. The last
two columns indicate the current optimization status, resulting in reduced length and improved luminosity compared to the
baseline.

*These luminosities have not been updated to reflect recent alignment studies [20]. If the same methods are applied, we expect
these luminosities to further increase by 50%.

Fig. 14 BDS compatibility 0.2
with the 550 m FFS at 380 GeV
1.5 TeV and 380 GeV o6 18.96 mrad c.a

assuming the ML has an
angle of 20 mrad

1.5TeV

20.0 mrad c.a
X ~0.44
_06 -
-0.81
‘ T
~2500 2000 ~1500 ~1000 -500
s[m]
Table 20 Key parameters of
the CLIC Dual BDS at IR1 TR2
380 GeV
Final drift L* [m] 6 6
FFS length [m] 770 770
BDS length [m] 2294 2256
Beta function (IP) 8 /5, [mm] 8/0.1 8/0.1
Beam size (IP) o} /oy [nm] 149/2.0 149/2.0
Total luminosity Lie: [10%4 cm™2s7) 2.25 2.21

3.5.4 Details of the dual BDS solution

Additional details of the dual BDS solution, introduced in Sect. 2.1.2, are summarized in Table 20. These results
demonstrate that the dual BDS design achieves nearly identical luminosity performance for both IRs, with losses
of less than 1.5% due to synchrotron radiation, when the beam is delivered at the same rate to the two detectors.
Importantly, the solenoid effects, which are significant at higher energies, are negligible at 380 GeV.
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Table 21 Number of

components in each section Component Diagnostic Collimation FFS Total

of the BDS1
Dipoles 0 192 220 412
Quadrupoles 140 160 40 340
Sextupoles 0 48 16 64
Octupoles 0 0 8 8
Multipoles 0 0 8
BPMs 0 76 0 76
Ecollimators 0 38 0 38
Recollimators 0 20 0 20

Table 22 Number of

components in each section Component Diagnostic Collimation FFS Total

of the BDS2
Dipoles 48 192 220 460
Quadrupoles 140 160 40 340
Sextupoles 0 48 16 64
Octupoles 0 8 8
Multipoles 0 8 0 8
BPMs 0 76 0 76
Ecollimators 0 38 0 38
Rcollimators 0 20 0 20

3.5.5 Component overview

Tables 21 and 22 summarize the number of elements in the dual BDS lattice, divided into the three main subsys-
tems: Diagnostic Section, Collimation, and FFS. These numbers are shown for BDS1 and BDS2, respectively.

3.6 Machine Detector Interface

The Machine Detector Interface (MDI) is the region within the detector cavern where the beam lines of the
accelerator pass through the detector. Key issues are the support of the final beam line components within
the detector, luminosity monitoring and feedback, background suppression, and radiation shielding. The MDI
includes the positioning of the final focus quadrupoles, QDO0, which have very stringent alignment and stabilisation
requirements. Luminosity monitoring is integrated within the detector. The spent beams must be transported
cleanly away through the experiment onto two beam dumps, via the post-collision lines. Collimators and masking
must suppress backgrounds from the incoming beams, from the beam-beam interaction and from the beam dumps.
The cavern layout must minimize the exposure of equipment and personnel to radiation.

The CDR studies [55] concentrated on a design in which the final focus quadrupole QDO was placed inside the
detector (with L* = 3.5 m at 3 TeV or L* = 4.3 m at 500 GeV). This imposed significant constraints on the detector
acceptance and maintenance scenarios. In particular, the angular acceptance of the calorimetry was significantly
reduced. Following the CDR phase, the detector and MDI studies concentrated on a single detector concept,
CLICdet [100], incorporating detector technology advances and lessons learned from the CDR. As a result the
final focus quadrupole QDO is now placed on the tunnel floor, just outside the detector (using L* =6 m for both
380 GeV and 3 TeV designs). The angular acceptance of the detector in the forward region improved significantly
and a number of technical systems have become simpler, as further explained below. The peak luminosity decreases
only marginally. A blown-up view of the forward region of the detector is shown in Fig. 15.

The placement of the final focus elements outside the cavern, directly on the tunnel floor, requires moving
the detector to a garage position prior to opening it for maintenance. This is illustrated in Fig. 16. The new
CLIC baseline with a reduced power consumption allows for operating two experiments in parallel. Figure 77 in
Sect. 5.1.5 presents a civil engineering concept of the experimental area with two independent caverns, ensuring
the stability of the final focus magnets as well as the servicing of each detector away from its beam line.

The crossing angle between the beam lines at 380 GeV is 18 mrad, and 27 mrad respectively for the two
detectors. At 1.5 TeV it is 21 mrad. Lower backgrounds from incoherent pairs at 380 GeV allow for a central
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Fig. 15 A blown-up view of
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Fig. 16 Cavern layout
showing the CLIC detector
placed directly the beam
line. For maintenance the
detector moves sideways to
the large cavern

vacuum pipe with a smaller diameter, and thus a smaller radius of the innermost vertex detector layer. However,
most of the detector elements - in particular the heavy and expensive calorimeters - will remain unchanged when
moving from the 380 GeV baseline to the higher energy stages.

As many of the design constraints, such as beam-beam backgrounds and radiation effects, as well as required
fields and gradients are more stringent at 3 TeV, most of the MDI studies have focused on the 3 TeV parameters.
This means that parameters are generally more relaxed at the lower centre-of-mass energies.

As indicated above, contrary to the design presented in the CDR, the QD0 quadrupoles are mounted on
the tunnel floor. This is motivated by measurements at the CMS cavern and at various tunnel locations. These
have shown that tunnel floor movements are almost two orders of magnitude smaller than vibrations inside the
detector. In the tunnel sufficient space is available to comfortably house the stabilisation and alignment systems.
The alignment of the final focus elements can therefore be based on the same technology as the rest of the linacs
and Beam Delivery Systems. Moreover, it has been shown that the luminosity does not change appreciably if
the QD0 magnets are split into two or three shorter parts. Compared to the CDR design, the QDO quadrupoles
have a much smaller gradient, 25 T/m, and a larger aperture radius (25 mm). Shorter magnets are lighter, easier
to produce and to stabilise. The overall design features could remain the same, but with the lower gradient an
alternative solution with classical electromagnets is now under consideration. No anti-solenoid is needed, as the
QDO magnets are outside the detector solenoid field.

The new layout simplifies the Machine Detector Interface inside the detectors considerably. The IP feedback
Beam Position Monitors (BPMs) and kickers can stay roughly in their CDR positions. The larger aperture min-
imises the pumping time and venting of the QDO is no longer required before moving the detector to its garage
position. Therefore, the vacuum sectorisation can be significantly simplified.

3.7 Post-Collision Line

The CLIC Post-Collision Line (PCL) is described in detail in the CDR [55]. This description focused on the 3 TeV
design. Accounting for changes and improvements [101-103], the PCL has been re-investigated for the 380 GeV
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design. The lower-energy design is expected to meet the requirements described in the CDR more easily. The
investigation confirms that by scaling the dipole magnet strengths down from 0.8 T to approximately 0.1 T and
maintaining the other key aspects of the 3 TeV design, the 380 GeV PCL has more margin of meeting the design
requirements than the 3 TeV PCL.

The general layout remains essentially the same as that described in the CDR, except for the first dipole magnet
pair and the final drift length. Looking at the magnet designs described in [104], the lengths of the pair of magnets
were kept at 2 m each, instead of 0.5 m and 3.5 m, as previously stated. This change caused no impact on the
overall performance of the PCL and followed the design parameters described in [104]. The final drift is no longer
210 m, but 50 m, as described in [101].

To be sure that the re-investigation provided similar results to those shown in the CDR and previous studies,
the model was rebuilt from the ground up using BDSIM [105] and its geometry utility, pygdometry [106]. The
geometries of the beampipes, the intermediate dump, and the carbon-based masks were based upon the designs
listed in [101-103]. For the beam distributions, the data were provided by the CLIC beam-beam interactions
studies for both the 3 TeV and the 380 GeV machines [107]. The main dump was based upon the design detailed
in [108]. An overview of the full PCL design as visualized in BDSIM can be seen in Fig. 17.

After confirming that this re-built 3 TeV design achieves similar results to those previously reported, investiga-
tion of the 380 GeV design began by scaling down the magnet strengths to provide the same angular kick to the
nominal 190 GeV beam. The dipole magnets for the 3 TeV design are all set to 0.8 T, which provides a kick angle
of 0.64 mrad to the 1.5 TeV electron beam at each dipole. For a 190 GeV electron beam, the same kick angle is
provided by a magnet strength of 0.1 T.

Investigation of the energy deposition along the PCL and in the main dump shows no unexpected “hot spots”
along the beamline. Figures 18 and 19 show the energy deposited along the PCL for the uncollided and collided
190 GeV electron beams, respectively. The colours correspond to power density per unit volume, including the
power from deposited secondary particles. The main dump receives most of the power deposition, and less power
is deposited along the PCL than for the 3 TeV design. Table 23 summarises the power deposition in several key
elements of the PCL for both the 3 TeV and 380 GeV designs, including both collided and uncollided electron
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Table 23 Power deposited

(MW) in key PCL elements Intermediate Dump Final Drift Main Dump
3 TeV Uncollided 2.10 x 107* 1.97 x 1072 13.6
3 TeV Collided 3.67x 1072 2.96 x 1072 10.2
380 GeV Uncollided 5.19 x 107° 4.08 x 1073 2.91
380 CGeV Collided 777 x107° 4.23 x 1073 2.70
Fig. 20 Schematic layout of Drive Beam Accelerator
the DB Injector and
Accelerator 15300
DBL2 2.0 GeV
BCand @ (>
turn-around :\\ SB,N,' ,PZV —
300 vy () DB Injector CRs

DBL1 Satellite
cleaning

300 m

beams. Since the main dump is designed to handle 14 MW of power from the 1.5 TeV electron beam, the 2.91 MW
provided by the uncollided 190 GeV electron beam is easily managed, as expected. Furthermore, most energy
deposition into the main dump occurs below the vertical centre, around —10 cm. This should allow luminosity
monitoring by detecting Beamstrahlung photons, as described in the CDR.

The PCL is capable of achieving the requirements stated in the CDR for both the 3 TeV and 380 GeV designs.
Studies indicate no unexpected consequences for scaling down the dipole magnet strengths from 0.8 T to 0.1 T for
the 190 GeV electron beam. No major changes to the PCL design are required. Minor changes to the carbon-based
masks and the intermediate dump are being investigated to further reduce deposition on the magnets. However,
these changes should not affect the overall performance of the PCL. Instrumentation studies for the PCL are in
progress. A dedicated redesign of the PCL for 190 GeV could potentially result in cost and real estate savings.

3.8 Drive-Beam Accelerator
3.8.1 Introduction

The Drive-Beam Accelerator (DBA) accelerates the Drive Beam (DB). It consists of an injector generating a 48 ps-
long Drive-Beam bunch train with an average current of 4.2 A and a bunch repetition frequency of 499.75 MHz.
The two Drive-Beam Linacs (DBL1 and DBL2) accelerate the beam up to 1.91 GeV, and are separated by a
bunch compressor. The injector generates electron bunches with a charge of g, = 8.4 nC, an R.M.S. bunch length
of 3 mm and a normalised emittance of 100 pm at an energy of 50 MeV. The bunch compressor between DBL1
and DBL2 compresses the bunches to a final length of 1 mm, in a 180° turn-around which reverses the direction of
propagation of the beam and minimises the overall footprint. The length of the whole drive beam Linac complex
is 1.3 km. The schematic layout is shown in Fig. 20.

Since it is the biggest power consumer in the entire CLIC complex the DBA has been designed to maximise
efficiency. The accelerating structures are operated in a fully loaded mode reaching an RF-to-Beam efficiency of
95%. A multi-beam klystron and a solid state modulator have been developed together with industry, efficiencies
above 70% and 90% respectively have been obtained. A recent design of a two-stage multi-beam klystron predicts
an efficiency of 82% [109]. In addition, the focus of the design was on beam stability. The charge along the bunch
train and shot-to-shot has to be stable to 0.1%. The beam energy and phase have to be stable to within 0.2% and
0.05° respectively. These specifications drive the technology choice of the electron source, the modulators, and the
RF power source.

The CLIC 380 GeV stage compared with the CDR design [55] has a 20% reduced Drive-Beam energy and a
bunch train length which is a factor 3 shorter. In addition, the power per klystron has been increased to 24 MW
which reduces the overall length further due to a higher average gradient in the fully loaded accelerating structures.

The baseline emittance of the drive beam at the end of the DBA is €, = ¢y = 50 pm. This is smaller than in the
CDR, since recent studies of the Drive-Beam Injector suggest that a small emittance growth can be expected [110].
This is also consistent with the experience at CTF3 and LEETCHEE (Sect. 2.1).
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3.8.2 Drive-Beam Injector

The Drive-Beam Injector (DBI) has been completely re-designed and optimised relative to the description in the
CDR. In particular the capture efficiency has been increased, and the satellite population drastically reduced. The
new design is documented in [111-113] and a schematic layout is shown in Fig. 21. The electrons are produced
by a thermionic gun at 140 keV. The gun is followed by a sub-harmonic bunching system consisting of three
standing wave bunchers at a frequency of 500 MHz (SHB), a 1 GHz Pre-Buncher (PB) and a 1 GHz Travelling
Wave Buncher (TWB). Since the beam energy after the TWB is 2.3 MeV two more accelerating structures are
embedded in a continuous solenoidal magnetic field to preserve the emittance. At this stage the focusing is done
by quadrupoles and 11 more accelerating structures bring the beam energy up to the desired 50 MeV. A magnetic
chicane is used to clean up the phase space at low energy. The injector design fulfills all requirements for the
DB Linac. At 50 MeV the energy spread is 0.95%, the bunch length is 3 mm and the emittance is below 30 pm.
The beam losses in the cleaning chicane are 3.5% and the satellite population is reduced to 2.7%. This low value
significantly eases the load of the cleaning system for the satellite bunches described in the CDR.

In the last few years prototypes of the Drive-Beam electron source, sub-harmonic buncher and the RF systems
have been built and tested. Results are described in Sect. 2.1.

3.8.3 Drive-Beam Accelerator

The first DBA increases the beam energy from 50 to 300 MeV. It uses a FODO lattice with one accelerating
structure between quadrupoles and a phase advance of 106°.

Each FODO-cell is equipped with a Beam Position Monitor (BPM) and corrector magnets for beam-based
alignment as shown in Fig. 22. As mentioned, each accelerating structure is operating in fully loaded mode and
has an active length of 2.5 m. The input power is 21.5 MW per structure corresponding to an energy gain of
4.9 MeV. The RF-to-beam efficiency is 95%.

After the first linac a 180° turn-around bends the beam into the second DBA. This construction allows the
full DBA complex to be located on the CERN Prevessin site. The bend compresses the bunches to a length of
1 mm. Here the electrons are accelerated up to 2 GeV using a FODO cell with 3 accelerating structures between
quadrupoles and a phase advance of 101°. A total of 172 quadrupoles and 385 accelerating structures are used in
the DBA. Each structure is powered by a modulator and a klystron.
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Triplet, Doublet and FODO lattices were studied to optimise the beam stability and emittance growth before
the lattice described above was adopted as the baseline [114]. For an RMS misalignment of 100 pm of critical
components, such as quadrupoles, accelerating structures and BPMs, the normalised emittance growth remains
below 5 nm after beam-based correction, and the total emittance well below the goal of 50 pm. Beam jitter is not
amplified significantly.

3.9 Drive-Beam Recombination Complex
3.9.1 Overview

In order to power efficiently the accelerating structures to their nominal gradient of 72 MV/m, the bunches
coming out of the DB Linac [115] at a frequency of 500 MHz must be recombined by a factor 24, compressing
a 5.86 ps sub-train into a 244 ns pulse with a frequency of 12 GHz. This operation is the function of the Drive
Beam Recombination Complex (DBRC), which consists of a Delay Loop (DL), Combiner Ring 1 (CR1), and
Combiner Ring 2 (CR2). Each of them recombines 2, 3, and 4 sub-pulses respectively, thereby increasing the
bunch frequency by the same amount. Additionally, the DBRC has three transfer lines connecting the DL, CR1,
CR2, and the transfer turnaround (see Fig. 23). Further details regarding operation of the DBRC can be found
in [55, 116-118]. The drive recombination complex and the beam transport down to the tunnel uses more than
4000 magnets, details about these elements can be found in [119].

3.9.2 System description

The first recombination step separates two 244 ns Drive-Beam sub-trains and interleaves them into a single pulse
(see Fig. 24). This is achieved by separating even and odd sub-trains using an RF deflector; the even sub-train
is sent through the Delay Loop (DL), the odd sub-train through the straight transfer line. After recombining the
two sub-trains, the DB bunch frequency is increased by a factor 2, forming a single 1 GHz pulse.

After the DL, the 244 ns separation between pulses allows the use of combiner rings to further multiply the bunch
frequency by a factor 3. In these rings, the time taken by a pulse to complete a full turn is n x 244[ns] + Atgec,
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Table 24 Number of main

magnetic elements in each System Quadrupoles Sbends Sextupoles
ring of the drive beam
combination complex Delay Loop 96 48 108

CR1 150 48 76

CR2 190 64 176

where Atge. is the product of the time between bunches at injection and the ring’s frequency multiplication
factor. This allows us to interlock several pulses into a single one, multiplying both pulse frequency and current.
As shown in Fig. 23, the DBRC has two combiner rings (CR1 and CR2). The frequency multiplication factor of
CR1 and CR2 is 3 and 4, respectively. The bunch frequency at CR2 extraction is 12 GHz, which corresponds to
the frequency required in the Power Extraction and Transfer Structures (PETS). The injection and the extraction
of the recombined pulses into and from CR1 and CR2 rely on transverse RF deflectors and striplines. The number
of the main magnetic elements in the delay loop and combiner rings can be found in Table 24. Details on the
magnet design can be found in [119].

3.9.3 Performance

The CLIC Test Facility (CTF3) was essential in demonstrating the feasibility of the beam recombination scheme
on which the CLIC DBRC is based (see Sect. 2.1). The new design of the DBRC is an improved version of the
design presented in [55, 121]. The changes in the lattice design allowed an increase in the energy acceptance of
the entire complex, while respecting the transverse emittance budgets, taking account of the effects of Coherent
Synchrotron Radiation (CSR) emission [118, 122]. The goal has been set to be close to 1% R.M.S. relative energy
spread.

3.9.4 Design updates

Increasing the bunch length at the exit of the Drive-Beam Linac from 1 mm to 2 mm significantly reduces the
impact of CSR when the beam circulates through the DBRC. One dogleg has been inserted before the DBRC to
lengthen the bunch [123] from 1 mm to 2 mm, and one chicane has been added after the Transfer Turn Around
(TTA) to recompress the bunch length from 2 mm to 1 mm (see Sect. 3.8). This compression of the longitudinal
phase space is needed for CSR compensation, as well as a longitudinal energy chirp (also known as correlated
energy spread) for the phase feed forward to preserve the Drive-Beam-to-Main-Beam synchronization.

In order to increase the energy bandwidth of the system, and accommodate such a correlated energy spread,
the design of the CR arc cells has been modified and the original triple-bend achromatic cells have been replaced
by a double Chassman-Green cell [123], which had already been adopted for the DL in the CDR design [55].

3.9.5 Longitudinal phase space effects

The development of the tracking code PLACET2 [120] enabled the study of the performance of the DBRC in a
fully realistic manner [117], including RF-deflectors (and their impact on the path-length), synchrotron radiation
emission and associated energy loss and bunch train recombination.

One of the main issues of the recombination process is a strong parabolic correlation between particle momentum
and longitudinal position (see Fig. 25-left). This effect can be corrected by tuning the sextupoles located in
dispersive regions (see Fig. 25-right). However, one must consider potential detrimental effects introduced by the
sextupoles on the transverse emittances. Optimisation studies to address the issue were performed in [117]. The
initial beam emittance is 50 pm. The goal is to reach an emittance after the DBRC of less than 150 pm, as required
by the decelerators. Simulations of the full DBRC show that this goal can be reached even with initial emittances
of up to 80 pm, while fully correcting the beam’s longitudinal aberration [124].

3.9.6 Imperfections

The results of beam-based alignment schemes, like Dispersion-Free Steering (DFS) in CTF3’s CR, indicate that
misalignment of the element impacts the performance [125]. These studies confirmed that DFS is a promising
technique and dedicated studies of its use in the DBRC should be performed. No major problems are expected.
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Fig. 25 Longitudinal energy profile before (left panel) and after (right panel) sextupole optimisation. The first layer shows
the bunch at the DL injection point (target profile) and the following layers show the bunch after 0.5 (bfm), 1.5 (b{.s) and

2.5 (bg.s) turns in CR1

Table 25 DB Parameters for

Nominal Operation Drive-Beam parameters [units] Symbol Value
Average beam current [A] 1 101
Initial energy [GeV] Eg 1.91
Minimal final particle energy [GeV] Erin 0.191
Train length [ns] Lirain 244
Bunch frequency [GHz] Sfounch 11.994
Bunch-to-bunch distance [mm] Zbb 25.0
Bunch length [mm] o 1
Bunch form factor [%)] F(X(o2)) 96.9
Initial normalized emittance [pm] €Nz, Ny 150

3.10 Decelerators

3.10.1 Overview

The decelerator lines run in parallel with the two Main-Beam lines for the full length of the Main Linacs. Each
linac has four decelerator sectors. In each sector a Drive-Beam train of 101 A, 1.91 GeV, and 244 ns length is
decelerated and the kinetic energy of the beam particles is converted to RF power by the Power Extraction and
Transfer Structures (PETS) [126].

Four turn-around loops bring the Drive-Beam trains to the start of each decelerator sector; the spacing between
them is 878 m. The lengths of the decelerating sectors vary slightly from 900 m to 840 m, such that each decelerator
feeds the same number of accelerating structures. This length variation is a result of the variation of the filling
factor in the Main Linac due to the limited choices of quadrupole spacings. At the end of each sector an insertion
of four module lengths (about 10 m) extracts the used DB into a dump and brings in the new DB with a chicane.

3.10.2 Beam parameters

Table 25 summarizes the main parameters for the decelerator lattice and beam for nominal operation. During a
tune-up period, uncombined (0.5 GHz bunch spacing) low-current beams may be used with a shorter train length
(as short as required for precise enough BPM resolution).
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3.10.3 Drive-Beam dump lines

After leaving =~90% of its power in the PETS, the spent Drive Beam at the end of each decelerator has to be bent
away from the decelerator axis and disposed of at a beam dump. This needs to be done in a way that leaves a
sufficient amount of space for injecting the fresh Drive Beam into the next sector, which starts 8 m downstream.
The spent beam is characterised by an energy spread of a factor ten, since the bunch is composed of a 2 GeV
electron head followed by a long tail of ~200 MeV electrons. Such a large energy spread requires a dedicated
magnet design to bend the spent beam to the 2 m wide dump window located about 15 m away. The peculiar
shape of the magnet does not pose a problem from a magnet design point of view. Exotic pole shapes can be
manufactured, in particular if the magnet is operated in DC and the yoke is of solid iron. A permanent magnet
solution could also be envisaged. The drive beam dump system is described in the CDR, the extraction magnet is
found in [127].

4 Components and technologies
4.1 Introduction

This section describes the technological challenges and the solutions implemented in the current design of the
accelerator. It starts with the production of the particles and their journey along the accelerator including the
various power production schemes and related technologies. Other essential systems are highlighted and discussed,
such as Beam Instrumentation, Vacuum, Survey and Stabilisation as well as general machine governing technologies
such as Controls, Timing and Machine Protection. Where significant progress has been made with respect to the
CDR [55] these differences are pointed out. Tests at system level as well as performance demonstrations are covered
in Appendix A.

4.2 Sources and injectors

The injector of the Drive-Beam Accelerator is described together with the Drive-Beam Accelerator in Sect. 3.8.
Here we focus on the Main-Beam Injectors which provide longitudinally polarized electrons and non-polarized
positrons.

4.2.1 Polarized electron source and pre-injector linac

The CLIC polarized electron source is based on a DC-photo injector followed by a 2 GHz bunching system and
a 200 MeV accelerator. After the electron injector linac a spin rotator at 2.86 GeV will be used to orient the
spin vertically for injection into the damping ring. The electron injector can deliver an emittance smaller than
25 mmmrad. The source is based on demonstrated technologies and installations. The SLC electron source and
the ILC design are used as references. The gun test facility at SLAC has shown the parameters needed for the
CLIC source using a commercial strained multi-layered GaAs-cathode [52]. The cathode needs to be operated in
a vacuum environment of the order of 10~ mbar. Under such conditions several thousand hours of lifetime have
been achieved. The gun has to be equipped with a load-lock system to allow cathode changes and activation under
vacuum. Additionally, the gun optics have to be carefully designed to minimize particle losses close to the cathode.

A polarized laser based on flash-lamp pumped TiSa technology is used to illuminate the Ga-As cathodes. The
laser has to be tuneable in frequency to be able to tune each cathode individually for maximum polarization.
This tuneable bandwidth of approx. 0.7 nm is achieved with a quartz plate inside the laser cavity. The system
produces a long pulse of several ps of which a 176 ns long flat pulse is cut out via a Pockels-cell. Experimental
results indicate that a polarization above 80% can typically be achieved. Details of the proposed laser system can
be found in the CDR and the main parameters of the CLIC polarized electron source can be found in Table 26.

The 176 ns-long electron pulse produced at the cathode will be pre-bunched with a pair of 2 GHz standing wave
buncher cavities followed by a five-cell travelling wave buncher. After that, 2 GHz accelerating structures are used
to bring up the energy to 200 MeV for injection into the common injector linac. The performance of such a system
was simulated and showed an 88% capture efficiency with an emittance of 22 mm mrad [128]. A schematic of the
pre-injector for the polarized electrons can be seen in Fig. 26.
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Table 26 Laser and electron parameters for the polarized electron source and comparison with experimentally achieved results

CLIC 2 GHz CLIC DC/SLAC Demo
Electrons
Number of electrons per bunch (10%) 6 1365
Charge/single bunch (nC) 0.96 NA
Charge/macrobunch (nC) 338 300
Bunch spacing (ns) 0.5 DC
RF frequency (GHz) 2 DC
Bunch length at cathode (ps) 100 DC
Number of bunches 352 NA
Repetition rate (Hz) 100 50
QE (%) 0.3 0.3
Polarization >80% >80%
Circular polarization >99% >99%
Laser
Laser wavelength (nm) 780-880 865
Energy/micropulse on cathode (nJ) 320 -
Energy /macropulse on cathode (nJ) 113 190
Energy /micropulse laser room (nJ) 1000 -
Energy/macropulse laser room (pJ) 350 633
Peak power per pulse (kW) 2 2
Average power at cathode wavelength (mW) 16 9.5
Fig. 26 Schematic view of DC-gun 2GHz buncher 2 GHz buncher + accelerator

the polarized electron source GaAs cathode
Polarized laser

4.2.2 Positron source

The CLIC positron source consists of a 2.86 GeV electron linac, a conventional amorphous target, followed by an
adiabatic matching device and a capture pre-injector linac. The amorphous tungsten target generates positrons
via pair production. Past experience at SLAC determined a destruction threshold of 35 J/g which should not
be exceeded in order to guarantee a lifetime of 1000 days. The newly optimised design for 380 GeV has a peak
power deposition density of 33 J/g. Therefore a second parallel target station, as described in the CDR for the
500 GeV case, is not needed. The thickness of the targets and their separation have been optimized together
with the incoming beam parameters to maximise the positron yield [53, 54, 129]. Downstream of the target, an
adiabatic matching device (AMD) focuses the positrons into the capture linac. The simulations assume a 127 mm
long device with an tapered aperture from 6.5 mm to 55 mm and with a magnetic field decaying from 6 T to 0.5 T
(B=Bo /(1 + az), with Bg = 6 T and o = 55 m~!). Several matching devices have been designed [130] and
prototypes have been built using both traditional electric discharge machining and innovative additive machining
techniques. Figure 27 shows an example of such a prototype.

The positron capture linac and the subsequent acceleration linac to 2.86 GeV have been completely redesigned
relative to the CDR. The yield of positrons fitting into the pre-damping ring energy acceptance has been increased
significantly, and the longitudinal phase space has been improved, allowing for a lower energy of the positron
production drive beam to 2.86 GeV [53, 54, 131]. The positron yield after the target is 8 e™ /e~ and the yield at
the entrance of the pre-damping ring reaches 1 e /e™.

The positron driver linac has a length of 250 m and uses a 2 GHz RF system with an accelerating gradient of
15.6 MV /m. The beam optics of the positron injector linac has been designed for the large emittance positron beam.
A sequence of FODO lattices has been used with increasing beta-function and quadrupole spacing to minimize the
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Fig. 27 CLIC adiabatic
matching device prototype
made of stainless steel by
additive machining at
CERN. Prototypes in other
materials, like copper, could
be readily realized elsewhere

number of magnets used. This linac is approximately 280 m long and uses a 2 GHz accelerating structure with a
loaded gradient of 14.5 MV /m.

4.2.3 Injector RF system

The whole injector complex uses a 2 GHz RF system for the linear accelerators. The generic unit consists of
klystrons with a peak power of 80 MW and a pulse length of 10 ps at 100 Hz repetition rate and a cavity-type
pulse compressor. This combination allows the generation of one or a pair of RF pulses with a flat top and
amplitude modulation for beam loading compensation. One klystron unit provides power for two accelerating
structures installed on a common girder together with focusing and beam diagnostics elements. The electron
injector linac and the booster linac use a double RF pulse spaced by 5 us to accelerate main beam electrons and
positron generation electrons in the case of the electron injector linac and positrons and electrons in the case of
the common booster linac.

Accelerating structures have been designed with a length of 3 m which will be operated at a gradient between
14 MV /m and 17 MV /m depending on the beam loading for each linac. The aperture of this accelerating structure
is larger for the positron linac due to the larger emittance and smaller for the electron linac and booster linac.
Details of the main beam injector RF systems can be found in [56].

4.3 The Drive-Beam modules

4.3.1 Introduction

The two Main Linacs take the electron and positron beams from 9 GeV and accelerate them to the collision energy.
In the 380 GeV stage, the opportunity is given to study two different accelerator configurations, based on two quite
different technologies to feed the Main Linacs with the RF power required for the beam acceleration, the Drive-
Beam options and a Klystron-based option. The Klystron-based option is discussed in C. Both have advantages
in different areas. The optimisation work performed for the two configurations independently has produced two
very different layouts [132], the differences going down to the level of the single accelerating structures. The main
components of the accelerators are the RF accelerating structures, which are mechanically assembled two-by-two
to form the super-accelerating structures (SAS). They are used to accelerate the beams and are assembled on
supporting girders to form what we call the “modules”. Modules will be pre-assembled on the surface and then
installed in the machine tunnel, so they represent the fundamental building block for the construction of the
accelerator, thousands of these are required even at the lowest collision energy.

The implications of the differences between the two configurations are evident in the module architecture and
reflected in the accelerator infrastructure. The module nomenclature uses the terms TO0, T1, etc., to refer to the
number of SAS that are installed on the Main-Beam girder. The Main Beam Quadrupole (MBQ) is not part of
the CLIC module and it requires a dedicated support and stabilization system. It will be treated separately (see
Sect. 4.12).
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Fig. 28 The Module in the
Drive Beam based
configuration: the Main
Beam girder (front) and the
Drive Beam girder (back)

4.3.2 The Drive-Beam-based module

In the Drive Beam (DB) configuration, the RF power is transferred to the Main Linac by the Power Extraction
and Transfer Structures (PETS) that are aligned in the Drive-Beam Decelerator, which runs parallel, at a distance
of a few cm, to the Main Linac. Each PETS supplies one SAS, and there can be up to four PETS in one module.
In the case of the DB configuration, we consider the assembly of the Main Linac and Drive-Beam Linac girders as
one module since the two are interconnected by the waveguides transferring the RF power from the Drive beam
to the Main beam. The DB-based module is represented in Fig. 28. Details of the design choices can be found in
[133]

The optimisation of the accelerating structure geometry, from the point of view of the RF efficiency and of
the beam wakefield tolerance, has generated RF structures that are made of 33 cells each and have a length of
0.271 m (see Sect. 4.5). In the case of the DB-based accelerator, the module length is defined by the periodicity of
the Drive Beam lattice, so by the interval between Drive Beam Quadrupoles (DBQ). The length of a TO module
including four SAS is 2.343 m. By considering the fraction of RF power entering the accelerating structure that
goes into the beam acceleration the RF-to-beam efficiency of the accelerating structures is 39.8%; 59.7 MW peak
RF power is required in a pulse length of 244 ns to accelerate the beam with an average gradient of 72 MV /m. In
a TO module with four SAS the average energy gain per module is 156 MeV.

A total number of 2,976 modules are required for the two Main Linacs, which will be filled with 10,184 RF
structures; the SAS are on the Main Beam side and the PETS on the Drive Beam side. In the fabrication tests it
has been shown that connecting two accelerating structures to form a SAS represents a challenge for the correct
alignment of the two structures, which must be within 14 ym R.M.S. with respect to the beam axis. It is our
intention to directly assemble the SAS during the fabrication phase of the accelerating structures, when the final
alignment can be better kept under control.

The main characteristics of the module in the DB configuration have been summarised in Table 27.

A detailed description of the DB Quadrupoles and their powering architecture can be found in Sect. 4.12. The
alignment of the SAS on the supporting girder relies on adjustable supports, the overall alignment strategy for the
DB-based accelerator is described in Sect. 4.8. The supporting girder must provide sufficient rigidity and stability.
Two materials are being considered, structural steel and Epument, a mineral cast material. The measured static
deformation under maximum load is about 15 pm in the case of Epument compared to about 35 pm for structural
steel; a choice between the two materials has not been made yet, however cost considerations and simplicity of
fabrication would indicate a preference for the structural steel option.

The fact that the PETS and the SAS are tightly connected by waveguides for the RF power transfer has also
led to the idea of considering the two components as a single unit with a lighter way of assembling the DB-based
accelerator, as shown in Fig. 29. In this scheme the DBQs would be supported separately, also in consideration
of the importance that their alignment has on the DB performance. For the time being this solution remains an
option that will be further explored.

As opposed to what was established in the CDR, the vacuum system will rely on individual mini-pumps
connected to each PETS and SAS, providing ion and getter pumping in the same device; additional pumping
will be provided by vacuum pumps connected to the compact spiral loads and to the waveguides. The choice
of suppressing the common pumping manifold between the MB and DB sides of the module [55] descends from
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Table 27 A summary of the

module characteristics in the Module and RF Structure Characteristics Values

Klystron-based accelerator
Cells / structure 33
SAS length [m)] 0.542
SAS / T0 module 4
SAS / T1 module 3
SAS / T2 module 2
Average accelerating gradient [MV /m)] 72
Input power / structure [MW] 59.7
RF Frequency [GHz] 12
Module length [m] 2.343
DBQ / module 2

Fig. 29 The RF Unit
assembly with PETS and
SAS connected to a common
supporting frame. The DBQs
sit on independent supports

the need to reduce the mechanical coupling and the forces that are exerted between the two girders. A detailed
description of the vacuum system is provided in Sect. 4.7.

Due to the tight mechanical tolerances that strongly impact on the Main Beam quality, the thermal stabilisation
of the module assumes a critical operational role; most of the power that is dissipated in the module comes from
the RF structures and from the RF loads. An extensive study had already been performed at the time of the CDR
and here power figures have been reviewed in light of improved efficiencies. In Table 28 a summary of the power
dissipated in a T0O module is provided, in the most unfavourable condition of unloaded operation.

A compact spiral load has been specifically developed to dissipate the power transmitted through the accel-
erating structures. It consists of a 3D printed spiral waveguide built by Electron Beam Melting (EBM) additive
manufacturing using pure titanium. It provides —40 dB attenuation at 12 GHz, It can manage up to 200 W average
power dissipation and withstand up to 16 MW peak power [134].

@ Springer



6514 Eur. Phys. J. Spec. Top. (2026) 234:6473-6652

Table 28 Power dissipation in the DB module under unloaded conditions (case of a T0 module)

Module Component Number Item Dissipation [W] Total Dissipation [W]
SAS 4 772 3,088

PETS 4 11 42

SAS RF Loads 16 168 2,690

Waveguides 4 60 241

DBQs 2 171 342

Total per module 6,403

Table 29 Specifications for

the klystron and modulator Main parameter 380 GeV
for the Drive Beam
Frequency [MHz] 999.516
Number of Klystrons 385
RF Peak Power MW 24
RF Average Power [kW] 58
Pulse Length [ps] 48
Pulse Repetition Rate [Hz] 50
Klystron Efficiency [%] 82
Klystron Perveance [puperve] 2.8
Modulator Voltage [kV] 160-170
Peak Pulse Current [A] 180
Modulator Average Power kW] 81
Klystron Solenoid Average Power kW] 5
Klystron Heater Power [kW] 1
Flat-Top Stability [%] 0.1
Pulse-to-Pulse Repeatability [ppm] 50
Rise and fall times (trise, tfau) 1] 3,3
Voltage Settling Time (tse:) [ps] 5

4.4 Klystrons and modulators

4.4.1 Drive Beam RF power

The Drive-Beam based solutions for CLIC require High Voltage klystron modulators to feed several hundred
klystrons. For the CDR [55] different options of RF power sources and klystron configurations were studied. It
was found that the most reliable and inexpensive solution would be a multi-beam klystron (MBK) with an output
power in the range of 15 to 25 MW [55]. Specifications for the klystron and modulator are summarized in Table 29.

In addition, the amplitude and phase of the RF output power has to be controlled to £0.2% and +0.05 degrees
respectively, putting constraints on all equipment involved.

4.4.2 Klystrons for the Drive Beam

The Drive Beam is the main power consumer of the facility. Therefore, the efficiency of the RF power source is
extremely important. For 380 GeV more than 9 GW of peak power and an average power of 22 MW are needed
at an RF frequency of 1 GHz. Increasing the efficiency of the currently available klystrons is therefore essential for
CLIC.

For the drive-beam generation complex, two high-efficiency klystron prototypes in L-band technology have been
developed in collaboration with industry, with the specifications shown in Table 29, with the goal to obtain an
efficiency above 70%. The first prototype, using a Toshiba 6-beam Multi-Beam Klystron (MBK), reached 21 MW
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Fig. 30 Left: The 1 GHz 90 30
klystron test stand at CERN
with the Toshiba MBK 80 25
klystron installed; Right: =
The simulated klystron < =
efficiency (circles) and the 570 20 s
simulated peak RF power § &
(squares)for the & 60 153
new-technology CLIC TS A 5‘
MBK (solid lines), compared 50 10
to the measured ones for the
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power. From [109]
Total beam power, MW
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output power during the factory tests. See Fig. 30 for the Klystron (left) and the measured performance (right).
Its efficiency of 71.5% remains remarkable high for a wide range of output power. A second prototype built by
another firm, based on a 10-beam MBK, also reached the required peak power and an efficiency of 73%. However,
the second prototype does not yet fulfil the requirements concerning stability and average power.

These two innovative prototype MBK commissioned by the CLIC study represent the state-of-the-art of what
is available in industry and reach record efficiencies. Based on this experience a large-scale production of such
klystrons can be mapped out. Detailed testing of the complete RF power unit including the modulator and the
low-level RF system will have to demonstrate the required stability.

Design improvements continue in parallel, and recent developments of new klystron technology (two-stage
klystron) [109] and availability of the modern computer tools could allow to boost the efficiency of L-band klystrons
from around 70% in the existing the commercial tubes to above 80% in the new designs. In Fig. 30 (right) [109]
the performance of the commercial prototype shown is compared to the performance of the new high-efficiency
klystron design.

The fabrication of a prototype klystron to realize the new technology is ongoing. It is important to add that
this technology is also suitable for ILC and FCC.

4.4.3 Modulator for the Drive Beam

Ther modulator requirements shown in Table 29 fall in an unexplored range where specifications of the fast pulse
modulators (voltage fast rise and fall times to minimize power losses) and long pulse modulators (long voltage
flat-top) have to be merged. See Fig. 31 (right) for pulse definitions [55].

From the global modulator efficiency of 95%, which includes the electrical efficiency and “pulse efficiency”,
defined as the ratio between the ideal and real voltage pulses energies (Fig. 31 (left) pulse rise, fall and settling
times have been defined, which shall be minimized to reduce klystron losses. The total power fluctuation (all
modulators synchronously operated) is 38 GW (for the 3 TeV case). To obtain a stable voltage distribution
network it has been decided to limit the AC power fluctuation to 1%. Details on design challenges are summarized
in [135].

4.4.4 General klystron modulator configuration

The search for a suitable klystron modulator configuration has been approached by considering the high power
electrical distribution over an approx. 2 km long DB. Global optimization studies [136], considering overall infras-
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Fig. 32 Principle topology (a) o Pulse (b) split core
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tructure cost, operability (modularity), and efficiency, clearly show the need for a medium voltage distribution.
The final solution for the 3 TeV option consists of six powering sectors, each with a powering substation, equally
distributed along the DB length. Each substation is composed of a set of AC power transformers, AC switchgears
and AC bus bars to provide a 10 kV AC network with n+1 redundancy. The 10 kV AC network supplies a modular
AC to DC converter, a so-called Modular Multilevel Converter (MMC), which provides 20 kV DC voltage [137]. A
novel MMC control has been developed to respect the 1% power fluctuation without the need to synchronize the
CLIC RF to the utility grid. All voltage levels result from the global optimization approach in the 3 TeV stage.
Each of the six centralized AC to DC converters supplies approx. 180 modulator-klystron sets.

The results of the global electrical distribution and AC to DC conversion impose the modulator configuration,
with a medium voltage DC stage and a voltage step-up pulse transformer. Two basic configurations, with series
and with parallel redundancies (Fig. 32 (a) & (b)), have been studied [138-141].

The monolithic pulse-transformer-based configuration (Fig. 32 (a)) has been designed and validated via small-
scale prototypes [142], whereas a full-scale split-core based configuration prototype has been built and tested.
The stringent pulse-to-pulse repeatability requirement [143] drove the choices of the active bouncer configuration
(together with the fast rise time) and the design of special acquisition systems for high rate voltage measurements
[144].

Preliminary studies show that the proposed 3 TeV powering layout is also an optimal solution for the 380 GeV
and 1.5 TeV stages. Since all the equipment up to the Medium Voltage DC distribution is modular, a staged
approach minimally influences the cost of each stage; however, an initial extra investment in the modulators
(no more than 20%) for 380 GeV is necessary. This allows the modulators to be dimensioned correctly (pulse
transformer) for the larger pulse width requirements in the 3 TeV stage.

A full scale modulator prototype based on configuration of parallel redundancy (as seen in Fig. 32 (b)) has
been designed and delivered to CERN from ETH Ziirich (Fig. 33 left). First tests on an electrical dummy load
demonstrated the feasibility of the voltage pulse dynamics up to 180 kV. This modulator represents the new state
of the art in fast-pulsed modulators with flat-top medium voltage input.

Following the results (in 2016) of global powering optimisation, the configuration of serial redundancy (as seen in
Fig. 32 (a)) is more adapted for CLIC. Therefore a second full-scale modulator prototype based on a configuration
of serial redundancy has been constructed

4.4.5 Solenoid focusing magnets

The klystron focusing solenoids are another source of high average power consumption, contributing to approxi-
mately 50% of the electrical energy consumed. To make a significant reduction in this power consumption a study
to replace the normal-conducting solenoid with a superconducting solenoid has started, where the average power
per solenoid is expected to be 1.6 kW.

4.4.6 Low-Level RF (LLRF)

Recent developments in commercially available solid state pre-amplifiers now being used in the high-gradient Test
Facilities at CERN show a phase stability of better than 0.05 degrees which is more than sufficient to reach the CLIC
requirements. Performances in the operation of the high-gradient Tests Stands and recent X-band linearizers in the
Paul Scherrer Institute [145] and in Synchrotron Trieste [146] show that the LLRF used to drive these amplifiers
can also achieve the required specifications necessary for CLIC.
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Fig. 33 Left: Photograph of the full-scale modulator prototype installed at the CERN RF test stand. Right: First measured
nominal voltage pulses demonstrating the dynamical capabilities

Fig. 34 Cut-away view of
the 3 GHz SICA structure
geometry (left) and of its cell
disk with SiC damping
material (right). The CTF3
linac was routinely operated
over several years with these
structures with high-current
electron beams in fully
loaded regime

4.5 RF structures

There are ten different RF systems in the accelerator complex including the Main and Drive Beam generation, and
the Main Linac. Each of these uses different accelerating, decelerating or deflecting structures. The more relevant
ones will be described below.

4.5.1 RF structures of the Drive Beam generation complex

Drive-Beam linac accelerating structure This structure has been designed to maximise efficiency since it is the
biggest power consumer in the entire CLIC complex. Therefore the accelerating structures are operated in a
fully-loaded mode reaching an RF-to-Beam efficiency of 95%. The main challenge of the system is the handling
of long-range wakefields generated by the high current (4.2 A) Drive Beam. The chosen baseline is a disc-loaded
travelling wave structure of SICA type (Slotted Iris—-Constant Aperture). The required damping is achieved through
four slots in each iris to couple to the azimuthal currents generated by transverse modes. The HOM absorbers
(SiC loads) are located directly in the iris slot. Other modes are detuned by changing the length of the nose cones
in every cell. The structure operates at 1 GHz fed directly by klystrons and is composed of 23 accelerating cells,
giving a total active structure length of 2.5 m. The CLIC structure is a scaled version of the 3 GHz SICA structure
built and successfully operated in CTF3 (see Fig. 34).

Fabrication of the final structure can be done via conventional precision machining as geometrical tolerances
required are of the order of 0.1 mm. For the 380 GeV stage, a higher gradient for the fully-loaded accelerating
structures has been adopted, resulting in a reduced overall length.

RF Deflectors The bunch train compression scheme for CLIC relies on the use of fast RF Deflectors (RFDs) for

injection into the Delay Line (DL) and in the Combiner Rings (CRs). The three types of deflectors are all based
on the travelling wave concept and have different operation frequencies depending on the recombination factor of
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Fig. 35 Photograph of the

3 GHz RF deflectors
installed and operated in the
CTF3 Combiner Ring

Table 30 Overview of

parameters for various RF DBA RFDDL RFD CR1 RFD CR2

structures for the Drive

Beam generation for 3 TeV Operating frequency [GHz| 999.5 0.5 2 3

(380 GeV numbers in Number of structures 1638 (459) 2 2 6

brackets) Active structure length [mm] 240 600 450 150
Number of cells per structure 23
Pulse length [ps] 150 (48) 140 140 140
Aperture diameter [mm)] 98 50 40 40
Filling time [ns] 245 110 80 16
Input peak power [MW] 18 50 50 50
Accelerating gradient unloaded [MV/m] 6.6 11 13 14
Accelerating gradient loaded [MV /m] 3.4 - - -

the rings. The frequencies are 0.5 GHz, 2 GHz, and 3 GHz for the DL, CR1 and CR2, respectively. The RF and
mechanical designs of a generic RFD exist and have been tested in CTF3 (see Fig. 35).
The various parameters of the above-mentioned structures are summarized in Table 30.

4.5.2 RF structures for the Main Beam

RF system for the damping rings The design of the damping rings is described in Sect. 3.2. There are 3 rings
in total: two identical damping rings for production of final electron and positron beams and one pre-damping
ring for the positron beams. All three rings require a 2 GHz RF system due to bunch spacing of 0.5 ns only. The
combination of the high RF frequency and high energy loss per turn in the wigglers results in a very high transient
beam loading effect. Compensation of this effect to the level of the stringent requirements on the low emittance
beam stability at the damping rings extraction is the main challenge for the RF system. The design of the RF
system is based on the so-called barrel cell cavity (BCC) with ultra-low R/Q ~ 1 © described in more detail in
[63]. There are 24 of these cavities in each of the damping rings and 12 similar cavities in the pre-damping ring.
The image of the first prototype of the BCC is shown in Fig. 36. It is a Superconducting RF cavity fabricated by
means of high precision machining of the central part out of bulk Nb and welding it together with two extremity
pieces to form a cavity.

4.5.3 Main-linac RF structures

Power Extraction and Transfer Structure (PETS) These passive microwave devices, shown in Fig. 37, interact
with the Drive Beam to generate RF power along a constant-impedance periodic structure. The power is collected
downstream in an RF power extractor that converts the TMO1 mode in a 23 mm diameter circular waveguide
into a TE10 mode in a rectangular WR90 waveguide. In its final configuration, the PETS comprises eight octants
(bars) separated by the 2.2 mm wide damping slots. Each of the bars is equipped with HOM damping loads. A
total of sixteen PETS have been manufactured and tested in the two beam lines of CTF3. The performance of the
PETS in CTF3 is described in Sect. A.2.
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Fig. 36 Photograph of BCC
prototype

Fig. 37 The assembled
PETS body, outside (left)
and inside (middle), zoom of
the PETS single bar period
(right)

Fig. 38 Photograph of a
single disc (left) and an
engineering model of a full
two-by-two
super-accelerating structure

(SAS) (right)

Main-Beam Accelerating structure The compactness of CLIC is based on the high gradient achieved in the Main-
Beam Accelerator in order to reach 3 TeV in a reasonable tunnel length. The main challenge for these accelerating
structures is producing extremely elevated electric fields without excessive vacuum arcing during operation. We
use disk-loaded travelling-wave structures working at 12 GHz and with constant gradient to increase RF-to-beam
efficiency. See Fig. 38 for an illustration. The very small aperture of the iris generates considerable transverse
short-range wakefields which translate into very demanding alignment tolerances of the order of 14 nm per super-
structure (as described in Sect. 4.8). Damping of the long-range transverse wakefields is provided by four radial
waveguides ending in SiC loads. The continual decrease of the iris radii through the structure ensures as a side
effect detuning of the remaining modes. The final optimization of the length, gradient and overall geometry of the
structure has been made using a general costing model which takes into account also power and civil engineering
costs. Therefore, we have a different structure for each stage of CLIC, as well as for the klystron-based option. The
main parameters of all three structures can be found in Table 31. A large number of prototypes corresponding to
the 3 TeV stage have been manufactured over the last years. They have been successfully tested in high power
conditions in the X-band test facilities at CERN, KEK and SLAC (see Appendix A).

In all cases, the fabrication process is critical to achieve the highest gradient. The structure is made of OFE
copper disks machined by turning and milling using single-crystal diamond tools and with tolerances in the micron
range. The stack of disks is then bonded in a furnace at 1040 °C with a hydrogen protective atmosphere. Ancillary
systems like cooling blocks, manifolds with loads, and the vacuum chamber are brazed separately after this. After
RF measurements and bead-pulling, the final unit is then baked for 1-2 days to desorb the Hydrogen and finish
cleaning the surface.

Even if the final CLIC prototype accelerating structure has been manufactured and successfully tested, the
complexity of assembly and the need for ultra-precision machining made the structure costly and difficult to
produce in large numbers. Alternative manufacturing techniques based on vacuum brazing and electron-beam
welding of structures made in halves instead of disks are under investigation. In parallel, studies are being launched
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Table 31 RF parameters for the Main Linac RF structures working at 11.994 GHz

Main Beam Accelerator PETS Crab
380 GeV 3 TeV 380 GeV 3 TeV
DB Klystron
Number of structures 20,592 23,296 143,232 10,296 71,616 2
Active structure length [mm] 272 230 230
Number of cells 33 28 28 33 34 12
Pulse length [ns] 244 244 ~200
Aperture diameter [mm)] 8.2-5.2 7.25-4.5 6.3-4.7 23 23 10
Filling time [ns] 55.8 63.8 66.3 1.52 1.55
Input peak power [MW] 59.2 40.6 61.1 123.3 127.3 20
Average Q factor 5504 5846 5843 7200 7200
Accelerating gradient unloaded [MV /m] 92 95 120 - - 2.55
Accelerating gradient loaded [MV /m] 72 75 100 - -

The Main-Beam accelerating structure has been optimized for the 380 GeV initial stage both Drive Beam [147] and klystron
based [148] as well as for the 3 TeV stage [149].

together with industry to estimate the necessary modifications in the production flow, production yields, quality
assurance needs, costs and learning coefficients for the full CLIC production.

One of the remaining challenges with respect to the Main-Linac accelerating structure is the accuracy required
for the integrated wakefield monitor of only 3.5 microns. Laboratory and beam studies in CLEAR are focusing on
verifying the geometric accuracy of the cells and wakefield monitors as well as minimizing errors in the electronics,
acquisition and signal to noise ratio.

4.6 Beam instrumentation
4.6.1 Overview of the CLIC beam instrumentation requirements

Beam dynamic considerations dictate most of the requirements for beam instrumentation and CLIC is expected to
operate with extremely tight tolerances on most beam parameters. Extremely low-emittance beams are generated
in the damping rings and must be conserved over kilometres of beam lines requiring a precise control of the
beam position over such long distances. Before entering the Main Linac, the bunch length must be shortened and
controlled at the femtosecond level. At the interaction point, the beam is finally focused to only a few nanometres
in size. After collisions, the highly disrupted beam must be dumped in clean conditions, making sure that the
multi-MW of power carried by the particles are safely absorbed.

An overview of CLIC beam instrumentation was presented in the CDR [55] with a collection of technical
specifications for the different parts of the 3 TeV stage, together with a description of the possible technologies
in use and their expected performance. In the context of a 380 GeV stage, all those specifications and challenges
remain valid, and only the total number of devices required is reduced as it scales almost linearly with the beam
energy and the overall length of the accelerator complex. The total number of instruments required on the Drive
and Main beams for 380 GeV is presented in Table 32.

4.6.2 Main-Beam instrumentation

Main-Beam Cavity Beam Position Monitor The ability of Cavity Beam Position Monitors to achieve nanometre-
level resolution was already demonstrated in [150], but an additional challenge in CLIC is the use of dispersion-free
steering along the Main Linac, which would require both high spatial resolution and time resolution better than
50 ns. This has launched the development of a lower-Q cavity BPM for the Main Beam, which has been constructed
and tested in CTF3 and has demonstrated its capability to measure the beam position, with a 200 ns long train
of bunches, with a time resolution better than 20 ns [151]. A picture of the CLIC cavity BPM installed on the
CTF3 beam line is shown in Fig. 39.
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Table 32 Number of beam

instruments for the Drive Instrument Main Beam Drive Beam

and Main Beams
Intensity 68 54
Position 4083 7920
Beam Size 68 53
Energy 34 37
Energy Spread 22 37
Bunch Length 35 37
Beam Loss /Halo 4659 7834
Beam Polarization 14 0
Tune 6 0
Beam Phase 4 13
Luminosity 2 0
Total 8995 15985
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Fig. 39 (a) A picture of the CLIC Cavity BPM; (b) Experimental test-stand installed on the CTF3 beam line with 3 consecutive
cavity BPMs, each BPM being installed on movers for remote alignment; (c) Correlation plot of the beam position measured
by the central BPM (820) with respect to the positions measured by the two others; (d) The corresponding residual error
measured in the vertical plane

Non-invasive short bunch length monitor Bunches as short as 150 fs will be produced and their longitudinal profile
must remain under control up to the collision point to guarantee maximum luminosity. The bunch length needs
to be measured and controlled accurately with time resolution better than 20 fs. Radio-frequency deflectors [152]
have already demonstrated their capability to provide femtosecond resolution but in a destructive way. An R&D
program has thus been pursued since 2009 to design and test non-invasive bunch length monitors using laser pulses
and bi-refringent electro-optical crystal [153, 154].

Recently, remarkable strides have been achieved through the integration of electro-optical methods using a new
scheme, called Diversity Electro-optical sampling [155], which would enable achieving the required time resolution
using simpler set-ups.
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Measuring very small beam sizes The extremely small transverse emittance generated in the damping rings puts
tight requirements on the measurement of transverse beam size, which should achieve micron resolution. In rings,
synchrotron radiation [156] provides a great opportunity to measure the small beam sizes. The 3"¢ generation
light source community has been very active over the last 20 years in developing better and better transverse
beam diagnostics based on x-ray optics [157] or optical light interferometric techniques [158]. Recently studies
using randomly distributed interferometric targets have been performed in an attempt to improve further the
performance of SR-based techniques [159] [160].

Other methods were studied in the early 2000’s and Laser Wire Scanner (LWS) technology has demonstrated
excellent performance in measuring sub-micron beams non-invasively [161]. However, the system’s complexity and
the need for an expensive high-power laser triggered the study of alternative solutions aiming for better reliability,
simplicity and cost saving. A breakthrough was achieved in 2011, with the experimental measurement of the point-
spread function of optical transition radiation [162]. This then led to the development of beam size measurement
techniques with sub-micron resolution using a simple, cheap and compact optical imaging system [163]. Theoretical
considerations on how to use this technique practically for highly relativistic beams was also studied and verified
experimentally [164].

4.6.3 Drive-Beam instrumentation

In the framework of CTF3, a full suite of beam instruments has been successfully developed to fulfil the require-
ments in the Drive Beam complex. These are longitudinal beam diagnostics for measuring the bunch frequency
multiplication in the combiner rings [165-168], and also transverse profile monitors for high energy spread beams
in the Drive-Beam Decelerator [169-171].

Non-invasive transverse beam profile for low-energy, high-charge beams Compared to CTF3, the CLIC Drive Beam
has a considerably higher total charge, corresponding to an average current of 4.2 A over a 48 ps pulse length. This
has severe consequences on the technological choices for beam instrumentation. Any intercepting devices would be
limited to the observation of a small fraction of the Drive Beam, most likely by reducing the beam pulse length
or current. We have launched an R&D program to develop non-invasive transverse beam profile monitors based
on the interaction of the particles with a supersonic gas-jet. Given the encouraging results [172-174], this work is
being followed up by a large scientific community as it may also be of interest to many other accelerators [175].

Reliable and maintainable beam position monitor system for the Drive-Beam Decelerator With more than 6,000
devices, the BPMs in the Drive-Beam Decelerator will be the largest under-vacuum beam instrumentation system
in CLIC. It will also be the biggest cost driver and a critical system that needs to be highly reliable and easily
maintainable. Different BPM technologies, such as inductive pick-ups [176] and stripline pick-ups have been tested.
We did not find a big difference in cost and performance between these two designs. However inductive pick-ups
present several advantages compared to striplines. First, in terms of complexity, inductive pick-ups, based on the
measurement of the wall current, have no element under vacuum, whereas striplines sit inside the beam pipe and
need to be carefully matched to 50 ohms impedance, which would require longer tuning procedures that would
increase the production cost of the system. Moreover, a development made for LHC [177] has shown that inductive
pick-ups can be designed and manufactured such that they can be dismounted without breaking the vacuum,
which would also enable maintenance and repair to be carried out with minimum downtime and impact on other
services.

4.6.4 Technology developments valid for both beams

Non-invasive beam-size monitoring using polarisation radiation Non-invasive transverse beam size monitoring is
key to the operation and the optimization of high-beam-charge accelerators. A study addessed techniques based
on polarisation radiation, such as diffraction radiation [178]. After the earlier promising measurements [179], a
series of experimental investigations was engaged both on the Cornell electron storage ring [180] as well as on the
Advanced Test Facility 2 (ATF2) at KEK. The possibility to measure beams with a spot size of a few microns
using UV light and very small (<100 pm aperture) diffraction slits was demonstrated recently [181].

This would find application, as an alternative to laser wire scanner in the Main Beam RTML as well as in the
Drive Beam complex where the electron beam energy is in excess of 1 GeV.

Looking for a way to overcome background limitation in diffraction radiation from small aperture slits, the
Cherenkov Diffraction Radiation emitted in longer dielectric material was investigated. Measurements performed
on CESR [182] have shown very promising results, as depicted in Fig. 40. A more extensive study of the effect was
initiated in order to measure precisely the resolution of this technique as a non-invasive beam-imaging system.
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Fig. 40 First detection of Cherenkov Diffraction radiation emitted by a 5.3 GeV positron circulating in the Cornell storage
ring;(a): Schematic view of the emission of Cherenkov diffraction radiation in a prismatic dielectric radiator; (b): Corresponding
Beam image showing a horizontal beam size of 4 mm

A distributed beam loss monitoring system along the CLIC main linac Along the decelerator, the Drive-Beam
energy will be continuously transformed into 12 GHz RF power over some hundreds of meters. The beam energy
spread rises up linearly to reach a value of 90% at the end of a decelerator section. The beam optics must be
adapted to ensure constant RF power production without consequent beam losses and beam operation relies on
the continual monitoring of the beam properties. This is achieved using a beam loss monitoring system with
a large number of classical ionization chambers [183] distributed along the main linac. Pursuing an alternative
solution providing a better measurement of longitudinal distribution of the losses, simulations and experimental
validations have led to the development of a high performance and cost-efficient BLM system [184] based on optical
fibre measuring Cherenkov light induced by lost charged particles. In particular, the study has addressed several
key features of the BLM system such as the position resolution of the optical fibre detection system when using
long electron pulses (i.e. 200 ns) [185] and the crosstalk between losses from the Main and Drive Beams [186].

4.7 Vacuum system
4.7.1 Introduction

Apart from its large size, the vacuum system for the CLIC complex contains a multitude of challenges: synchrotron
radiation, electron cloud, sparking and degassing induced by high electrical field, conductance limited system,
cryogenic vacuum system, etc. Most of the CLIC complex requires high or ultra-high vacuum. From a general
point of view, different technical solutions are chosen:

1. For bakeable vacuum systems operating at room temperature, a solution based on a Ti-Zr-V film coating is
used. The thickness of this non-evaporable getter (NEG) coating can be reduced below 1 pm if required. After
in-situ activation by heating, it provides a distributed pumping speed for the most abundant gas species released
in the vacuum chambers. Also, the desorption yields induced by photon and electron bombardment and the
secondary electron yield are reduced drastically when compared to traditional materials. A limited number of
lump ion pumps are required to remove noble gas and methane not absorbed by the NEG material.

For non-bakeable vacuum systems operating at room temperature, vacuum performance is driven by water
vapour outgassing. High vacuum can be obtained after a long pumping period. Lumped pumps are used. A
combination of NEG pumps with large pumping speed and sputter-ion pumps is recommended to limit the cost
of cabling. If low secondary electron yield is required, amorphous carbon (aC) coating can be applied.

This is the case of the CLIC main linac in which pumps are installed directly on the AS vacuum manifold or
the PETS vacuum enclosure. A set of Pirani and Penning gauges are installed on each beam line and in each
module to complete the system and provide interlocks [187]. Tests in the module mock-up have demonstrated
that after activation of the NEG cartridge, the pressure decreased with time (1/t) and reached 3 x 10~2 mbar
along the beam axis after 100 hours of pumping.

2. For vacuum systems operating at cryogenic temperature, the cold surface acts as a cryopump for the impinging
gas molecules sticking to it. The pumping speed and saturated vapour pressure of the different gas species
depend on the temperature of the vacuum chamber. To reduce secondary electron yield, and therefore the heat
load to the cryogenic system, amorphous carbon coating can be applied. Measurements of aC outgassing rates
have been carried out in the framework of the HL-LHC project. aC coating will be applied not only in the new
triplet areas but also in the half-cells of the arcs presenting high beam induced heat loads

Unless radiation-hard electronics is developed, vacuum gauge controllers and power supplies have to be
installed in a protected area, requiring long high voltage cables. Cost reduction can be achieved by a single
power supply used for multiple ion pumps equipped with dispatch boxes and small local cables.
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4.7.2 Vacuum developments

Some novel vacuum technologies have been under development to solve particular problems in the CLIC accelerator
and are under consideration for other machines and projects.

Low aperture copper vacuum chamber with NEG coating For the low aperture quadrupoles of CLIC, CERN devel-
oped copper electroformed vacuum chambers with integrated NEG film coatings [188-191]. This method is based
on a sacrificial aluminium mandrel with the required shape on which a thin NEG coating is applied. The vacuum
chamber wall in copper is then built up by electrodeposition on top of the NEG film. Finally, the aluminium man-
drel is removed by chemical etching. A schematic of the process is shown in Fig. 41. This innovative manufacturing
method allows the production of vacuum chambers with very low aperture (down to a few millimetres) while
integrating NEG coating, used as a distributed pump and/or low secondary electron yield surface. This procedure
can also integrate and join the stainless-steel flanges during the electroforming step. As low as 3 mm diameter
coated vacuum chambers were successfully produced using this method (Fig. 42) [192].

Performance of the NEG produced with this method has been assessed. It turned out that the NEG film
performance is significantly reduced when the chamber followed a standard activation at 230 °C for 24 hours. Even
if the performance is partially recovered in term of activation and CO pumping when an additional temporary
copper interlayer is applied between the aluminium mandrel and the NEG film, the H2 pumping speed still exhibits
one order of magnitude lower values than expected for standard NEG. Further studies are required to optimize
the electroplating parameters and identify possible contaminants in order to recover the full functionality of the
NEG film for ultrahigh vacuum applications in accelerators.

Deformable RF bridge Initially proposed for the Drive-Beam interconnections in the Main Linac, the deformable
RF bridges have been further developed for the LHC (modules adjacent to collimators) and HL-LHC (intercon-
nection in the triplet areas and modules requiring large transversal displacement). It is based on a deformable
thin-walled structure in copper beryllium (Fig. 43), which fulfils different requirements without the need for slid-
ing contacts: longitudinal, angular and transversal movements due to both thermal effects (during bake-out or
cool-down) and mechanical misalignments (during assembly, alignment, commissioning and operation phases).
Extensive mechanical tests have been done. They show the robustness of the bridge, in particular when subjected
to large transverse offset [193, 194]. The first DRF modules have been installed in the LHC during YETS 2023-2024
in critical locations where high beam induced heat loads were observed. So far, after one year of operation, they
behave perfectly.
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Fig. 43 Deformable RF bridge
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Other novel concepts like Compact Temperature-Controlled UHV Connector based on Shape Memory Alloy
[195-197] are being considered for the CLIC machine after successful implementation in the LHC dump for bimetal-
lic connections.

4.8 Survey and alignment

In the updated baseline of CLIC, survey and alignment requirements for 380 GeV are the same as for the 3 TeV
layout: an active, remotely controlled pre-alignment for the components of the Main Linac (ML) and Beam Delivery
System (BDS); a classical pre-alignment using standard means from large scale metrology, manual jacks and the
intervention of technicians in all other areas. The total error budget allocated to the absolute positioning of the
reference axes of the major accelerator components (magnetic axis of quadrupoles, electrical zero of BPMs or
electro-magnetic axis of RF structures) can be represented by points inside a cylinder over a sliding window of
200 m. Its radius is equal in the ML to 14 pm R.M.S. for MB BPM and RF structures, 17 pm for MB quadrupole
and 20 pmfor DB quadrupoles. Further downstream in the BDS its radius is equal to 10 pm R.M.S. over a sliding
window of 500 m (see Fig. 44).

Since the CDR [55] deeper studies have been carried out on fiducialisation and initial alignment of components
on their common support, leading to a change of strategy for this step; to improve accuracy, efficiency and
flexibility. We now have a better knowledge of the sensor configuration needed for each module, following the
results obtained on the Two-Beam Test Modules. Two different solutions of supporting and micrometric adjusting
have been validated successfully on dedicated test setups. We have also a better knowledge of the accuracy that
can be reached on the Metrological Reference Network (MRN) as simulations were confirmed by results on a 140 m
long facility.

4.8.1 Determination of MRN

The Metrological Reference Network (MRN) will be installed in the ML and BDS as soon as the tunnel floor is
available. It consists of parallel, overlapping stretched wires to provide a straight reference of alignment along the
whole length of the tunnel. Wire Positioning Sensors (WPS) are fixed on the same support plate to very accurately
define wire-to-wire distances, combined with Hydrostatic Levelling Sensors (HLS) to model the catenary of the
wires. This will represent the straight reference of alignment in the tunnel. Simulations have been carried out for
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Fig. 45 Automatic initial
alignment of the components
on their girder assembly

such a MRN [198], considering wires with a length of 200 m and an accuracy of alignment sensors (WPS and HLS
sensors) of 5 pm. It was shown that the standard deviation for the position of each component w.r.t. a straight
line was included in a cylinder with a radius below 7 pm. This was confirmed experimentally on a 140 m long
facility, for the radial position.

4.8.2 Fiducialisation and initial alignment of the components on a common support

In order to facilitate the alignment process in the tunnel, several components are aligned on the same support
assembly. In the CDR [55], this was achieved by high-precision manufacturing of the supports and outer surface of
the components. As an example, both the outer diameter of RF structures and the V-shaped supports in the girders
supporting them, were machined with micrometric accuracy. We initially considered determining the position of
the external targets (fiducials) w.r.t. the mechanical axis of the components. A new strategy, however, has been
proposed for this fiducialisation and initial alignment of the components on their common support assembly [199],
based on results obtained from the PACMAN project [200, 201] and on the development of a 5 DoF adjustment
platform [199].
The following sequence is proposed (see Fig. 45):

1. Individual fiducialisation of each component, using techniques developed in the PACMAN project, using a
stretched wire which now represents the active access of the component.

2. A 5 DoF adjustment platform is inserted between each component and the girder assembly. All components
are roughly pre-aligned on the same girder.

3. The girder is transferred to a measurement marble equipped with Frequency Scanning Interferometry (FSI)
heads, to determine with micrometric accuracy the position of the alignment targets of each component in the
girder assembly referential frame.

4. Plug-in motors are temporarily connected to the 5 DoF adjustment platforms. Once the position of components
is known, the adjustment of each component can take place using these plug-in motors. If all the components
are at their theoretical position on the girder, the plug-in motors are disconnected and the girder is stored, being
ready for installation. Otherwise, there is an additional iteration of adjustment and position determination.

Such a sequence can be completely automated; it can be performed at the manufacturer’s premises, or at CERN
in the Metrology lab, or even in the tunnel, provided the FSI heads are installed on a rigid and portable structure.
It allows a gain in accuracy and efficiency (an initial alignment can be performed within a few minutes) and allows
the possibility of performing alignment checks after transport in the tunnel.

4.8.3 The Support Pre-alignment Network (SPN)

The Two-Beam Test Modules, a full scale mock-up of four CLIC modules, offered the possibility to perform tests
on actuators and sensors [201]. This led to a series of modifications for this updated baseline.
Adjustment of girders:

1. The snake configuration, with an articulation point linking two girders, will be kept for the DB side, when
there are no discontinuities between girders due to MB quadrupoles (see Fig. 46). In such a configuration, two
adjacent girders are interlinked by an articulation point allowing a natural smoothing of the girder and limiting
the DoF between girders to three (vertical and horizontal translations and roll rotation). The articulation point
will be adjustable, its adjustment being controlled by FSI measurements to an accuracy of less than 5 pm. For
such a configuration, three linear actuators, supporting the master cradle, will perform the adjustment [202].
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Table 33 Sensors configuration for 380 GeV DB option

AS, BPM in pm MB quad in pm DB quad in pm

(CDR) (Updated) (CDR) (Updated) (CDR) (Updated)
Fiducialisation 5 (TBC) 10 (TBC) 10 (TBC)
Fiducials to pre-ali. sensor interface 5 5
Pre-alignment sensor accuracy 5 5 5 5
Sensor linearity 5 5 5 5
Straight reference 10 (TBC) 7 (rad., 10 (TBC) 7 (rad., 10 (TBC) 7 (rad.,

vert. TBC) vert. TBC) vert. TBC)

Total error budget 14 11 17 11 20 11

2. For the MB girders and MB quadrupoles, aligned independently, we propose to use cam movers. A configuration
of five cam movers was validated for two lengths of quadrupoles: 2 m and 0.5 m, where we showed that the
positioning requirements (sensor offsets below 1 pm and roll below 5 prad) can be met in one movement using
feedback from alignment sensors [203-205]. To fulfil the new requirement of micrometric adjustment in the
longitudinal direction, we propose to add a sixth cam mover to the system and reorganize the layout of cam
movers. The previous prototypes did not meet the MBQ pre-alignment stage stiffness requirement. A new
prototype, taking into consideration both the positioning accuracy and stiffness, has been built.

Position determination:

1. Alignment sensors will be installed on girder cradles; cradles and girders being one block, of the same material.

2. The tests performed showed that it was difficult to develop, install and calibrate an absolute inclinometer within
a uncertainty of measurement, and that it was far more accurate to use two parallel wires, stretched on both
sides of the module, measured by two WPS (one per side of cradle).

3. A redundancy is needed in the configuration of alignment sensors to increase the accuracy of position deter-
mination and detect errors. Two additional WPS will be added on the slave cradle of the girder, in case of a
snake configuration.

4.8.4 Summary

The collective studies undertaken at several facilities confirm that pre-alignment requirements can be fulfilled in
the ML using a combination of WPS and HLS sensors for the determination of the position, linear actuators or
cam movers for the adjustment of the component assembly and with a new scenario for the fiducialisation and
initial alignment of the components on their assembly, based on the techniques developed in the PACMAN project.
The global error budget is summarized in Table 33.

4.9 Ground motion

4.9.1 Introduction

To obtain the desired luminosity of CLIC, very stringent specifications have to be satisfied in term of vibrations
[206, 207]. Indeed, a beam with very small emittance is sensitive to all imperfections of the Beam Delivery System
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(BDS) and Final Focus System. The Ground Motion (GM) / structural vibrations effects are one of the most
critical causes affecting beam brightness and position stability at the Interaction Point (IP). In this section, the
GM, its content and its influence on a collider like CLIC are described. The required specific instrumentations and
the measurement methods are also detailed.

4.9.2 Ground motion content

Ground motion stems mainly from two sources: the seismic activities (or natural earth motion) and the cultural
noise. The seismic activities are basically composed of earthquakes and seismic waves. There are different kinds of
seismic waves that move in different ways. The two main types of waves are body waves (can travel through the
earth’s inner layers) and surface waves (can only move along the surface). Earthquakes radiate seismic energy as
both body and surface waves. Seismic activity is a coherent motion and dominates in low frequency range, typically
lower than 2 Hz. The second contribution is the cultural noise that results from human activities, whether it is
the outside environment like roads, air traffic or internal disturbances like cooling system or vacuum pumps. It is
dominant above a few Hertz and is usually not coherent.

Because of the widespread GM issues for large experiments [208], GM collider measurements were already
performed worldwide [209]. To consider an environment similar to the foreseen CLIC tunnel, the LHC was selected
with measurements at different locations in the tunnel [210] (Fig. 47).

The GM Power Spectral Density (PSD) is basically a steep function of frequency which falls off as ﬁ. Above
1 Hz, the cultural noise level depends on the proximity to internal systems or cryogenic pumps for example. Below
1 Hz vibrations are dominated by the earth motion like the micro-seismic peak at 0.17 Hz which is due to incoming
sea waves.

At the end, GM induces absolute displacements of about a few dozens of nanometers integrated r.m.s. at
low frequency, which is already higher than the requirements for CLIC MBQs and BDS. However, to evaluate
the disturbances consequences and the relative motion between the different elements, GM coherence has to be
considered. It could be expressed like in equation (1) and a good coherence is equal to:

| Py ()

Measurements of Fig. 48 show that the motion is coherent over a long distance only in the narrow frequency
range around the frequency of the micro-seismic wave (0.17 Hz). Above that frequency, the coherence fades out
rapidly and confirms the necessity to manage such vibrations in the mitigation strategy.

From measurements, GM can be simulated and several models are already tuned for different experiments [211]
and which could be integrated into a beam dynamic simulation tool like PLACET (Program for Linear Accelerator
Correction and Efficiency Tests). The prediction of the GM influence reveals that many accelerator elements, like
the quadrupoles, will move independently on a large bandwidth all along the accelerator reducing the performance
of the collider [212, 213]. Various control systems and beam controls will be necessary as described in the control
section, and all the mechanical design / infrastructure have to be optimized.

Cuy () = (1)
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Fig. 48 Coherence measured
in vertical and lateral
directions [210]
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Table 34 Characteristics of common inertial sensors [216-218]
Name Range Freq. res. Sensitivity Susp. mass Size

[Hz] (Hz] [V/(m/s)] le] [mum]

GS1 >1 1 40 700 160 x 75
GS11D >4.5 4.5 23 23 33 x 31
L4C >1 1 276 1000 76 x 130
STS-2 0.008-50 0.0083 1500 230 x 235
CMG-3ESP 0.03-500 0.03 1000 8 168 x 258
CMG-6T 0.03-100 0.03 2000 2.5 154 x 205
SP500 0.016-75 2000 0.75 50% x 100

4.9.3 Available sensors

Given these constraints, it is necessary to be able to measure very low amplitudes of GM and structural vibrations.
Consequentially, specific instrumentation is required [214].

To compare the performances of various sensors, the main properties to evaluate are the sensitivity, the resolution
and the dynamic range. The sensitivity is the ratio between the real motion (M) and its measurement (V), for
example the sensor voltage, and could be expressed as S = 22, The noise (N) is the part of the signal (V) which is
not representative of the motion (M) and allows to obtain the main critical criteria named resolution (R) which is
the smallest motion that the sensor is able to measure R = & . An efficient sensor has very small (R) and (N) but
on a sufficient dynamic range (DR) which is a function of the maximal measurable motion taking into account the
noise.

In order to evaluate the absolute measurement of the GM (displacement, velocity or acceleration), inertial
sensors are the most relevant. The working principle is based on a mass m, linked in the axis direction that one
would like to measure via a spring with a stiffness £ and a damping ¢. Among inertial sensors, the geophone
is a reliable sensor. In this case, a coil is added around the mass and the motion of the mass inside the coil
provides a signal representative of the velocity of the support from a few Hertz to a few hundred Hertz. The
limitations of the bandwidth are the characteristics of the mechanical system: the spurious frequencies (high limit)
and the fundamental frequency (low limit) [215]. To optimise the measurement in low frequencies, these sensors are
managed in a feedback loop: force-balanced accelerometers or broad-band seismometers (Table 34). In this case,
the relative displacement of the mass is measured and allows to evaluate the needed coil command to generate a
force which compensates the internal mass motion.
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The last type of sensors is classical broadband accelerometers in which the mass is fixed on piezoelectric
transducers [219]. They are well adapted to mechanical structures and infrastructure vibration measurements and
could complete in high frequencies the performances of the previously described sensors.

All these sensors are very efficient for GM and / or structural vibrations, but they present two main disad-
vantages: they are sensitive to radiation and are limited / not dedicated to be integrated into vibration control
systems. For these reasons, many specific developments are proceeding to overcome these issues.

4.9.4 Dedicated sensor R&D

Many R&D projects were dedicated to inertial sensors over the past years. The majority were focused on the
improvement of commercial geophones for seismic issues [220], but some of them were focused on the application
of geophones to the collider environment and its specific aspects [221]. For CLIC, the main recent studies were
done at CERN, ULB and LAPP.

The first study was conducted in the innovative doctoral program named PACMAN (Particle Accelerator
Components’ Metrology and Alignment to the Nanometre scale). One of the topics was to design a new vibration
sensor including a comparison of the differential measurement technologies for the internal mass motion [222]. The
compared transducers are capacitive sensors [223], optics encoder [224] and interferometers [225] with a multi-pass
one [226], as shown in Fig. 49.

Another approach is being carried out by the Université Libre de Bruxelles (ULB) in collaboration with CERN
[227, 228]. The classical spring mass of the inertial sensor is replaced by an internal beam - pendulum in cantilever
mode and the beam relative motion is measured by interferometry, Fig. 50. Such a setup allows for optimising the
Eigen-Frequencies (avoiding as much as possible the spurious ones, increasing the resolution and being efficient in
a vibration control system), decreasing the thermal noise and improving the resilience in magnetic environment.
In this setup the instrumentation noise is reduced with respect to classic inertial sensors (Fig. 51) and satisfies the
vibration control requirements.

Yet another approach has been conducted at LAPP. A specific vibration sensor (patent n® FR 13 59336) has
been designed (Fig. 52) [229]. It is based on an internal mass-spring-damper system and a capacitive sensor,
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Fig. 52 LAPP sensor image and layout [229]
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Table 35 Sensor Bandwidth

and Noise Level [229] Sensor Bandwidth [Hz] Effective bandwidth [Hz] Noise level R.M.S.
(constructor data) (measured) @ 4 Hz [nm]
CMG-6T 0.03-100 0.1-0.8 U 4-60 0.1
731-A 0.01-500 8-150 0.5
LAPP 0.1-3000 0.1-100 0.04

which gives the relative motion between this mass and the GM. The GM can be deduced by the sensor’s dynamic
L(s) =2 through Equation (2).

T zg(s)?
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o528 k c 1 wo
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Comparative measurements were performed simultaneously with inertial sensors in a very well adapted envi-
ronment, which guarantees the quality of the GM coherence. Each sensor’s noise, calculated by using the corrected
difference method [230], has been characterized by measuring the seismic motion with two sensors of the same
model placed side-by-side. The effective bandwidth of each sensor (i.e. the ability of the sensors to measure the
seismic level in a specific environment) measured at LAPP is shown in Table 35 and Fig. 53.

Note that this sensor was processed in a dedicated active vibration control system [231]. The control strategy
has been optimized by using only one LAPP sensor in a FB loop instead of using up to four sensors for feedback
and feedforward. A damping ratio of 8.5 has been achieved at 4 Hz, leading to an r.m.s. displacement of the
support of 0.25 nm [232], very close to Final Focus CLIC specification (0.2 nm at 4 Hz).

L(s)=
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4.9.5 Conclusions

The worldwide GM measurements confirm that the GM mitigation is a critical aspect to the CLIC feasibility.
However, the GM spectrum is relatively well known and could be simulated in order to design and develop
the control system / beam. Additionally, the outcome of various sensor developments allows for overcoming the
limitations of the current commercial sensors in an accelerator environment.

4.10 Stabilisation
4.10.1 Introduction

Dynamic imperfections in the Main Linac, Beam Delivery System (BDS) and Final-Focus (FF) magnets lead to
luminosity loss. Ground motion and vibrations that generate motion of the magnets and their field centre create
such imperfections. The integrated R.M.S. o, (f) [233] of the spectral density ®,(f) of absolute displacements of
the magnetic field center of the quadrupoles is the first quantity to be observed. As a first approximation, the
integrated R.M.S. displacement above 1 Hz shall stay below 1.5 nm in the vertical direction and below 5 nm in
the horizontal direction for all Main-Beam Quadrupoles (MBQ). For the FF magnets, the integrated displacement
above 4 Hz shall remain below 0.14 nm in the vertical plane.

The magnetic field displacements can be created by ground motion transmitted through the magnet supports and
by forces arriving directly on the magnet by e.g. water cooling. Information from several measurement campaigns
and models of ground motion are available in Sect. 4.9 and in literature [210, 233-236]. This first quantity o, (f) is
only a measurement at one point over the length of an accelerator. The relative motion between quadrupole magnets
at different points is also a significant factor quantified by the correlation or coherence between the different points
[210, 233]. The lowest frequency seismic vibrations with a long spatial wavelength move the whole accelerator
lattice as a rigid body with little effect on performance if the magnet supports are sufficiently stiff. The higher
frequency vibrations in ground motion will have a shorter wavelength that will create relative motion between the
lattice components. The propagation from local technical vibrations and their attenuation over distance is also
rather well known and was measured near the LHC in operation [237]. An inventory of possible vibration sources
acting as direct forces were studied and measured [238-240].

4.10.2 Overall strategy to reach the required stability

The approach to reach the required vibrational stability combines the selection of the site with appropriate geolog-
ical characteristics and seismic background, the minimization of technical noise sources in and around the CLIC
tunnel and finally the use of a mechanical active vibration stabilization system.

By adapting the civil engineering of the tunnel and cavern by, for instance, placing machinery on a separate
floor structure [241] or the use of adapted technical concrete, the length of the vibration path and hence the
attenuation of the vibrations will be improved. Vibration dampers can be used under the machinery. The depth
of the tunnel will reduce the vibrations created at the surface.

Resonant frequencies of poorly damped mechanical structures will be excited by any broad band excitation
(ground motion, water cooling, acoustic noise and ventilation) and this can create significant local vibration sources.
This was nicely demonstrated at the accelerator test facility ATF2 where beam jitter was reduced significantly after
identification of two vibration sources created by poorly supported water pipes [242]. Another demonstration can
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Table 36 List of prototypes that reached the requirements

Prototype Integrated  R.M.S. Set-up Remark
R.M.S. Ratio
(nm)
1. Membrane one d.o.f [207] 0.3 (1 Hz)  Ratio 6 FF+FB Analogue Down scaled
0.6 (1 Hz)  Ratio 10
0.2 (4Hz) Ratio8.5
2. Tripod [248] 0.9 (1Hz) Ratio2-2.5 FB Digital Down scaled
0.7 (4 Hz)
3. Two d.o.f. x-y [207] 0.5 (1Hz) Ratio9 FF + FB Analogue Hybrid Real scale
4. Magnet tripod [207] 0.45 (1 Hz) Ratio 13.3 FF + FB Analogue Hybrid Real scale, Measured with nominal
0.35 (4 Hz) magnet field and cooling water flow
5. LAPP [232, 249] 0.25 (4 Hz) Ratio8.5 FB Digital Down scaled

be found in [237] where oscillations of the beam orbit were created by exciting support modes of the Final-Focus
magnets. Therefore, the design of all components and supports in the CLIC tunnel shall have natural frequencies
as high as possible by careful design. Also a verification with seismometers during the construction phase will help
to remove unwanted vibration sources. The most significant consequence is the beam height from the floor that
shall be as small as possible. Where possible, the mass of the components shall be reduced and also the position
of support points can increase the stiffness of components (Airy points).

4.10.3 Vibration stabilization system studies

From the different measurement campaigns in different particle accelerators [210, 234, 235] and as described in the
CDR [55], a vibration isolation system is needed to reach the specified stability levels. A survey of existing vibration
stabilization or isolation systems in various fields of precision engineering was performed [243, 244]. Studies were
carried out at CERN and at LAPP (Annecy) and ULB (Brussels) and prototypes have been constructed.

The very stringent alignment requirements and the presence of forces acting directly on the MBQ (water-cooling,
acoustic noise, vacuum pipes and electrical cabling) as well as the low frequencies for stability, resulted in the choice
of active stabilization [245, 246] for the 4,000 Main-Beam Quadrupoles (MBQ). Active stabilization is based on a
stiff actuating support that reduces the compliance for the direct acting external forces mentioned above. The use
of stiff piezo actuators gives an additional possibility to make fast repositioning of the magnets possible in between
beam pulses (every 20 ms) with a high resolution; so-called nano-positioning [247, 248]. Five prototypes were built
with increasing complexity, mass and degrees of freedom. The first four prototypes in Table 36 (with references
for complete information) all reached the requirements with commercially available piezo actuators and seismic
sensors. Prototype 4 is a MBQ (type 1) prototype magnet with nominal magnetic field and water cooling that
reached the requirements from a higher vibration back ground (R.M.S. ratio). The last MBQ prototype (Fig. 54)
is a complete, fully integrated stabilization system with type 1 MBQ with the same measured transmissibility as
prototype 4 but that was not yet tested in a low vibration background (not in Table 36).

The FF magnets are supported by a cantilevered structure in the particle detector and their stabilization require
a higher level of integration with the surrounding infrastructure. Different approaches were studied [229, 250] with
or without passive components. Prototypes were built with specially developed sensors [232, 249, 251] or using
stiff carbon tie rods for active damping [252]. Two prototypes were measured with a low vibration back ground
and came very close to the requirements (number 1 and 5 in Table 36).

The success of studies and prototype with respect to integrated r.m.s. displacement will depend on the resolu-
tion/noise level and controller stability that can be reached with the combination of sensors, actuating structures,
controller and electronics. Some of the studies not reaching the integrated r.m.s objective have however also
demonstrated more stable and hence more reliable controllers with for instance the use of collocated force sensors
[244, 252] or systems that have components better adapted to the accelerator environment (radiation).

The measured transmissibility or transfer functions of the prototypes were used to estimate the luminosity
that can be obtained with the respective stabilization strategies [212, 253, 254]. These studies indicated that the
shape of the transmissibility function is more important for the luminosity than the obtained integrated r.m.s.
displacement. This understanding has triggered the development of more adapted sensors for the stabilization (see
Sect. 4.9) and defined a new luminosity objective for the combined control systems (stabilization and beam).
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Fig. 54 Main Beam Quad type 1 stabilization prototype

4.10.4 The QDO stabilisation system

One of the most critical elements in terms of stabilization is the final focusing quadrupole QDO, which is positioned
on the tunnel floor, just outside the detector. It focuses the vertical beam size down to about 2.9 nm r.m.s. The
distance L* of the downstream end of this quadrupole to the IP has been chosen to be 6 m, the shortest distance
compatible with detector space requirements. Any movement of the quadrupole in the transverse plane would
affect the transverse position of the beam at the IP by a comparable amount. Therefore, the quadrupole has to be
mechanically stabilised to 0.3 nm r.m.s. in the vertical plane for frequencies above 4 Hz. The IP feedback system
complements the stabilisation system at lower frequencies. It measures the position of the outgoing beam and
applies a calculated kick to the incoming beam in order to optimise luminosity. Bunch-to-bunch correction is not
possible, but the latency loop of the system is short enough to allow several iterations during the 156 ns bunch
train. An active pre-alignment system ensures that the average position of the QDO is correct to within 10 pm
with respect to the other BDS elements.

An intense R&D program, including the development of custom-made new sensors and an active support, has
allowed to reach stabilisation at the 0.25 nm r.m.s. at 4 Hz and above [249]. The result of the measurements is
shown in Fig. 55. Therefore, a pre-absorber is no longer needed (or could in the worst case be implemented with
existing commercial solutions rather than with a specific development).

4.10.5 Readiness for CLIC

The work described above shows that the required level of magnet field centre stability can be reached on scaled
or real size prototypes in a laboratory environment. Most equipment used was commercially available or the
components that were developed in house are technologically well within reach. Also the integration with other
CLIC systems seems technically possible. The studies and prototypes built by different teams also brought forward
the following common factors:

e Piezo actuators combine the required stiffness with the needed sub nano-metric resolution and suitable band
width. It is the technology that is commercially most available. Piezo actuators are non linear actuators with
hysteresis, this is linearized by special piezo amplifiers.

e High resolution vibration sensors are based on the measurement of an inertial mass with a coil, capacitance
measurement, laser interferometer or optical encoders.

 Controller hardware: digital or analogue (hybrid) circuits requiring special care for phase margin in the control
(ADC delay, impedance problems).

e Low frequency input and output signals with a high dynamic range.
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Most of these factors call for short cable lengths, i.e. the controller hardware (amplifiers, conditioners and
controller) shall be near the stabilization system. This is not evident in an accelerator tunnel with radiation.
Complete shielding against radiation in high energy particle accelerators is difficult and would be expensive. It
seems, therefore, that we will be required to develop and test radiation hard components and at the same time to
develop components that can deal with longer cable lengths.

4.11 Beam transfer

4.11.1 Main Beam: Damping Ring Kicker systems

To achieve high luminosity at the interaction point, it is essential that the beams have very low transverse emittance:
the Pre-Damping Ring (PDR) and Damping Ring (DR) damp the beam emittance to extremely low values in all
three planes. In order to limit the beam emittance blow-up, due to oscillations at extraction from the DR, the
combined flat-top ripple and droop of the field pulse must be less than & 0.02%. In addition, the total allowable
beam coupling impedance, in each ring, is also very low: 1 Q x n longitudinally and 10 MQ/m transversally.
This section discusses means for achieving the demanding requirements for the DR kickers. Table 37 shows the
specifications for the DR extraction kicker system.

To achieve the demanding specifications for low beam coupling impedance, striplines will be used for the DR
extraction kickers [73, 83]. Striplines have both an odd and an even mode impedance: the odd mode is when both
electrodes are driven to opposite polarity voltages, to extract beam from the DR, whereas the even mode is when the
electrodes are at the same potential, e.g. not driven by pulse generators. The characteristic impedance of both odd
and even modes should ideally be optimized to 50 €2. However, for coupled electrodes this is not possible to achieve
[73, 83]. Existing designs of stripline electrodes, e.g. [255-257], could not achieve the demanding specifications.
Hence a novel electrode shape has been developed for the CLIC DR extraction kicker that achieves the excellent
field homogeneity, good matching of both odd and even mode characteristic impedances, and a decrease in the
beam-coupling impedance at low frequencies [73].
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Table 37 DR Extraction

Kicker Specifications Parameter DR
Beam Energy (GeV) 2.86
Deflection Angle (mrad) 1.5
Aperture (mm) 20
Field maximum rise and fall time (ns) 1000
Pulse flat-top duration (ns) ~160 or 900
Flat-top reproducibility +1x107%
Stability +2x107*
Field inhomogeneity (%), over 1 mm radius +0.01"
Repetition rate (Hz) 50
Available length (m) ~1.7
Vacuum (mbar) 10710
Pulse voltage per stripline (kV) +12.5
Stripline pulse current (A) £309

To achieve the aforementioned requirements, various shapes of electrodes were studied and optimized. In addition
the electrode supports, feedthroughs, and manufacturing tolerances were studied. A novel shape of electrode, called
a “half-moon electrode”, was selected as the optimum shape [73]. For the DR extraction striplines, manufactured
with the optimized half-moon electrodes, the odd mode characteristic impedance is 40.9 €. Since an inductive
adder will be connected to each electrode with commercial coaxial cable of 50 €2 impedance, and each electrode
will be terminated with 50 €, there is an impedance mismatch for the odd mode at both the input and output of the
electrodes. A mismatched odd mode impedance can significantly influence the striplines performance: predictions
for the influence of the odd mode characteristic impedance upon the contribution of each field component, electric
and magnetic, to the deflection angle, have been presented in [258]. A new idea has been proposed to match the
load side characteristic impedance for both the odd and even modes of excitation of the striplines [73].

The maximum field inhomogeneity allowed is + 0.01%, over 1 mm radius (Table 37), although a radius of
0.5 mm has also been accepted from beam optics considerations [259]. The magnetic field homogeneity for different
frequencies, for the optimized stripline geometry, has also been studied [258].

Stripline kickers are generally assumed to have equal contributions from the electric and magnetic field to the
total deflection angle, for ultra-relativistic beams. Hence, the deflection angle is usually determined by simulating
the striplines from an electrostatic perspective. However, recent studies show that, when exciting the striplines
with a trapezoidal current pulse containing high frequency components, the magnetic field changes during the
flat-top of the pulse, due to eddy currents induced in the stripline electrodes, and this can have a significant effect
upon the striplines performances [258]. The variation of the magnetic field during the pulse flat-top, and its effect
upon the deflection angle, has been presented in [260]. The solution proposed to compensate for this variation is
to modulate the pulses created by the inductive adders [261] which will power the striplines.

A first prototype of the extraction kicker for the CLIC DR has been designed and built. The beam coupling
impedance of the striplines has been studied analytically, as well as numerically with CST Particle Studio followed
by measurements in the laboratory. A new approach for understanding the dipolar component of the horizontal
impedance has been derived, when considering both odd and even operating modes of the striplines. This new
approach, presented in [262], has been used to understand the differences found between the predicted transverse
impedance and the two wire measurements carried out in the laboratory for the prototype CLIC DR striplines.

In order to complete its characterization, the prototype stripline kicker has been installed in one of the medium
straight sections, of the ALBA Synchrotron, to be tested with beam [74]. The main purposes of these tests are to
measure the beam impedance and DC electric field homogeneity for comparison with predictions from simulations.
However, during conditioning of the electrodes, with circulating beam, pressure increased with beam current: this
unexpected behaviour of the pressure might be related to ion instabilities and requires further studies. Since the
performance of the striplines under these conditions is not compatible with user operation, the striplines have to
be removed from the ring during user operation and are only installed for measurements on the striplines — this
has limited the time available for measurements, but some initial measurements have been carried out nevertheless
[74].

The DR extraction kicker has very demanding specifications: the combined flat-top ripple and droop of the
field pulse must be within 4+ 0.02%. In addition, the flat-top repeatability must be within + 0.01% (Table 37). An
inductive adder has been selected as a contender for achieving the demanding specifications for the DR extraction
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kicker modulator [261, 263-266]. The inductive adder is a solid-state modulator, which can provide relatively short
and precise pulses: it is modular and thus the design can be adapted to various requirements.

An inductive adder consists of multiple layers, each of which has a transformer: the transformer usually has
a 1:1 turn ratio in order to ensure that it is suitable for fast pulses. The single turn primary totally encloses a
magnetic core; hence, the leakage inductance of this geometry is negligible [267]. The secondary winding of each
of these transformers is connected in series: hence a step-up voltage ratio of 1: N is achieved by using N-layers,
with adequate voltage isolation. The primary circuit typically has many parallel branches: each branch generally
contains a single capacitor and a single power semiconductor switch. All the power semiconductor switches and
gate drive circuits are referenced to ground and there are no electronics referenced directly to the high-voltage
output pulse. In general, the capacitors of all the layers can be charged with a single power supply — this is not,
however, necessary and in some applications the capacitors are deliberately charged to different voltages to allow
modulation of the output pulse [268]. Each layer has an array of clamp diodes which carry magnetizing current
from the core following turn-off of the power semiconductor switches in the layer [264].

An inductive adder has good built-in fault tolerance and redundancy, because if one or more solid-state switches
of a layer of the inductive adder stack fails to turn-on, the magnitude of the output pulse of the inductive adder
is reduced by, at most, only the voltage of a single layer. Since the inductive adder is of a modular design, extra
layers can be added to improve redundancy and/or increase voltage rating. In addition, the modular construction
allows for a good scalability, adaptation of individual components to the particular application, and a path for
future upgrades.

Considerable research and development has been carried out on the inductive adder for the CLIC DR [261, 263~
266]. A significant advantage of the inductive adder over some alternative technologies is the ability to modulate
the output [267]. Recent measurements on a prototype inductive adder show that the flat-top stability achieved by
applying modulation was + 0.02% (£ 2.2 V) over 900 ns at 10.2 kV output voltage. This pulse meets the stability
specifications for the 2 GHz (baseline) and 1 GHz specifications for the DR extraction kicker.

As mentioned above, exciting the striplines with a trapezoidal current pulse results in induced eddy current in
the electrodes. This causes the magnetic field to increase in amplitude during the “flat-top” of the current pulse
[260]. The solution proposed, to compensate for this variation, is to modulate the pulse created by the inductive
adder: a controlled decay-waveform is required [261, 266]. Figure 56 shows a simulated reference controlled decay
waveform (green) with error margins for stability of £ 0.02% (black): the measured waveform (red) is within the
£ 0.02%, for more than 900 ns, with respect to the simulated reference waveform. This fulfils the 1 and 2 GHz
specifications for the CLIC DR extraction kicker system.

As a result of the low source impedance, the source voltage of an inductive adder does not need to be doubled,
unlike a matched impedance Pulse Forming Line (PFL) or Pulse Forming Network (PFN). The solid-state switches
typically used in the inductive adder are either metal-oxide-semiconductor field effect transistors (MOSFETS) or
insulated-gate bipolar transistors (IGBTs). These solid-state switches can be opened when conducting full load
current, hence only a portion of the stored energy is delivered to the load during the pulse: therefore a PFL or PFN
is not required. In addition, opening of the solid-state switches potentially limits the duration of fault current in
the event of a magnet (load) electrical breakdown. Hence the inductive adder is also seen as a promising technology
for use in existing CERN kicker systems [269, 270], where a suitable replacement for PFL cable is challenging to
purchase these days, as well as for possible future kicker systems at CERN, e.g. for injection systems of the Future
Circular Collider [271, 272]. As a result of the use of magnetic cores for the transformer [264], a drawback of the
inductive adder is its limitations concerning the available pulse duration: however many kicker magnet applications
at CERN require pulse durations of only up to 2.6 ps, which is achievable with the discussed design.
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4.11.2 Conclusions and future work

A novel shape of stripline electrodes has been designed to meet the demanding CLIC DR extraction kicker re-
quirements for field homogeneity and low beam coupling impedance: this shape also results in reasonably close
values for odd and even mode impedance. Nevertheless, to match the odd mode impedance an additional resistor
is proposed to be connected on the output of the striplines, between the electrodes. Detailed studies show that,
during field rise and fall, eddy currents are induced in the electrodes, which modifies the deflecting magnetic field.
To compensate for this the output pulse of the inductive adder can be modulated — this modulation has been
demonstrated. The striplines have been prototyped, and beam coupling impedance measurements carried out. The
prototype electrodes have recently been installed in the ALBA synchrotron and initial measurements carried out
to characterize the field homogeneity and beam coupling impedance. Detailed characterization of the striplines, in
an accelerator, is required to validate the predictions for the longitudinal and transverse beam coupling impedance
and field uniformity.

Measurements of the output pulse of the inductive adder show a stability for a flat-top of +0.02%, over 900 ns,
for a 10.2 kV pulse. For the controlled decay waveform, the measured stability was 40.02%, with respect to the
simulated reference waveform, for 900 ns duration at 10 kV: this stability meets the requirements for the CLIC
DR extraction kicker, at approximately 80% of nominal voltage. Tests and measurements are ongoing and the
output pulse voltage will be increased to 12.5 kV in the near future. In addition, a second inductive adder has
been constructed: the polarity of the output pulse is changed by moving the output connector from one end of
the inductive adder to the other. Furthermore, work is ongoing to develop the necessary control system, and an
automated way to modify the analogue modulation to achieve the required shape and stability of the deflection
waveform. Commercial terminating resistors have proved to be unreliable for the pulse loading. Hence, suitable
terminating resistors, for use with the inductive adder, have been designed: these will be manufactured in the near
future and tested with the striplines and inductive adder.

The striplines will be tested in the laboratory with pulses of up to +12.5 kV, using both inductive adders:
long-term testing is required to verify the reliability and response during fault conditions. In addition, it is highly
desirable that the striplines and inductive adders are fully tested together with beam: a single bunch could be used
to scan through the flat-top and verify the deflection stability and repeatability of the flat-top. Such a flat-top
measurement is considered essential to confirm the predictions for the required controlled decay waveform, to
achieve a flat-top deflection pulse, and addition as it is not possible to guarantee the absolute precision of the
electrical measurements.

4.12 Normal conducting electro-magnets and permanent magnets

4.12.1 Introduction

Even though the size of the initial stage of CLIC at 380 GeV is substantially smaller compared to the 3 TeV final
machine, the number of normal-conducting Electro-Magnets (EM) and Permanent Magnets (PM) to be produced
will stay well beyond the quantities produced so far for particle accelerators. Therefore the industrialization, cost
optimization, quality control, assembly, and installation of such large numbers of magnets will be one of the major
challenges of the project. Latter stages concern the Main Linacs and their long transfer lines, but the global layout
and beam output energy of the Drive Beam and Main-Beam Injector systems are required for the initial phase.
During an intensive R&D design campaign, various magnet types have been designed with numerical methods
to assess their feasibility and evaluate their dimensions, power consumption, and cost. More than 15 prototype
magnets have been manufactured for the technically most challenging configurations. The outcome of this R&D
program is summarized in a magnet catalogue which has been used to select most of the magnetic elements of the
new lattices for the various parts of the 380 GeV machine.

4.12.2 Drive-Beam magnets

Quadrupoles in the decelerator Two versions of quadrupoles have been developed in parallel for the Drive Beam:
a conventional electro-magnet (EM) version, and a tuneable permanent magnet (PM) version.

A prototype of the EM version is depicted in Fig. 57. The parameters and performance of the EM version
have already been presented in the CDR [55] as well as in several other papers [273]. Since the CDR, this design
is the baseline and several prototype units have been manufactured, which confirmed the design parameters and
achievable tolerances. Some of these magnets have been installed in the CLIC Test Facility (CTF3) for further
studies with beam.

As an alternative to the EM version, a PM version has been extensively developed in collaboration with the
STFC Daresbury Laboratory in the UK [274-276]. The obvious advantage of this solution is the major savings in
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Fig. 57 A drive-beam
decelerator quadrupole
electro-magnet prototype

electrical power and cooling requirements. However, as the field gradient scales after each Two-Beam module all
along the decelerator, up to a factor of 10 for the 3 TeV machine, two types of mechanically tuneable permanent
magnets are needed. The first, the High Gradient PMQ, covers the first 60% of the energy range, while the Low
Gradient PMQ covers the last 40% of the energy range. The mechanical adjustment of the gradient is piloted
with a stepper motor which controls the positioning of the permanent magnet blocks via transfer gearboxes. The
challenge resides in the accuracy and stability of the mechanical parts, as well as in the stability of the permanent
magnet field.

Prototypes of both High and Low Gradient magnets have been built and measured at STFC Daresbury Labo-
ratory (see Fig. 58), confirming the feasibility of this concept. For the 380 GeV version, the High Gradient type
will be sufficient to cover the whole energy range of the decelerator. Since 2014, the STFC Daresbury Laboratory
has continued the development of the PMQ designs to further improve their performance, stability while reducing
the manufacturing costs by revisiting in particular the motion system, permanent magnet blocks and by reducing
the number of components. With these improvements, the design is now considered mature and cost optimized.
It has been proposed to change the baseline from the EM version to the PM version for the construction of these
magnets. Such a decision is, however, subject to the assessment of the PM material stability in the radiation
conditions of CLIC. A survey of results from studies on the radiation damage to PM materials has been carried
out [277] and will be used to analyse the criticality of this decision.

Beam transport magnets The lattices of the DB transport complex — which include the combiner rings, delay loop
and transfer lines have been reworked to allow standardization of the magnets. About 90% of the new layout
is using magnetic elements from the original magnet catalogue. The rest corresponds to some quadrupoles and
sextupoles which exceed the current capabilities of the magnets and whose design needs updating. This is also the
case for the dipoles in the Turn-Arounds (TA) for which the optics have now adopted combined function magnets.
A bespoke magnet design will be developed once the specifications are frozen.

4.12.3 Main-Beam magnets

Main-Beam linacs The Main-Beam Linacs’ magnetic lattice foresees the focusing of the e™ and e~ beams with two
types of MBQs electro-magnets which have a similar cross section but different magnetic lengths (see Table 38).
The performances in terms of precision of pole shape and quadrants assembly have been achieved in a 2 m
long prototype magnet developed for the final energy [278]. Therefore the only remaining challenge expected for
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Fig. 58 Prototype of the
drive-beam decelerator
quadrupole permanent
magnet, with optimized
design

this type of magnet is the optimization of the production process considering the large quantity of units to be
produced.

At the end of each quadrupole a short laminated electro-magnet dipole is attached, and is capable to steer the
beam in one plane. A similar approach as for the MBQs has been adopted, with an identical cross section but
two different lengths to cope with the increasing energy of the beam along the linac. The evaluation of possible
coupling effect between the two magnets is in progress.

Main-Beam transport The Pre-Damping Ring (PDR) and Damping Ring (DR) lattices use mostly electro-magnetic
magnets. A special type of dipole with varying aperture along its length is needed in the damping rings to decrease
beam emittance. A prototype of this magnet is presently under development with CIEMAT in Spain. This magnet
will allow a reduction in the total circumference of the damping ring of 13% for the same performance as the
previous version. The concept is being applied to the upgrade of light sources like the ESRF, but the CLIC
prototype goes beyond, as it is a tuneable permanent magnet combining dipole and quadrupole components, with
an ultra-high field of 2.3 T at its centre (see Fig. 59).

For the Ring to Main Linacs (RTML) beam transport, the main change concerns the number of quadrupoles
in the Long Transfer Lines (LTL).

Beam Delivery System (BDS) The baseline QD0 magnet design is based on an hybrid design, combining coils and
permanent magnets and described in detail in the CDR [55]. It has in the meantime been validated in the lab
by a short, 100 mm long, prototype. It reached a gradient of 531 T, as expected slightly lower than the nominal
gradient as the rising fields at the edges are not yet saturated at the centre of this very short magnet. The field
quality was within specification as documented in [279-281].

A photo of the prototype is shown in Fig. 60. The optics studies for the Beam Delivery System have shown
that the approx. 5 m long quadrupole can be split into two or three shorter magnets without significant loss of
luminosity, as long as the coil ends can be kept short.

After the CLIC rebaselining, the installation of the QD0 magnets on the tunnel floor rather than inside the
detector, considerably simplifies many aspects of the machine detector interface. Also, the maximum gradient has
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Table 38 List of magnet

types for both 380 GeV and 380 GeV 3 TeV
3 TeV No. variants No. units No. variants No. units
Dipoles
Combined function 3 160 - -
Bending dipole 3 152 4 1028
Quadrupole 4 796 4 5451
Sextupole 3 644 3 1804
Corrector dipole 1 796 3 3813
Main-Beam Linac
MBQ Quadrupole 2 1148 4 4020
Corrector dipole 2 1148 4 4020
DBQ Quadrupole 1 5952 1 41400
Damping Rings
Combined function 1 180
Bending dipole 1 76
Quadrupole 6 1240
Sextupole 2 636
Skew quadrupole 2 580
Corrector dipole 2 1228
Ring to Main Linac Transport
Bending dipole 5 718 5 708
Quadrupole 9 1674 10 1747
Sextupole 2 541 2 536
Beam Delivery System
Bending dipole 12 206 12 206
Quadrupole 63 134 63 134
Sextupole 8 30 8 30
Octupole 2 2 2 2
Post Collision Line
Bending dipole 5 18 5 18
Total 139 18059 130 64917

been reduced from 575 T to 25 T for 3 TeV and considerably smaller for the 380 GeV phase and it is now also
conceivable to design it optionally as a conventional quadrupole. The main constraint on the mechanical design of
the QDO magnet stems from the lateral space required for the vacuum pipe of the outgoing beam.

A 254 mm long prototype of the SDO has been built. The magnet, shown in Fig. 61, is assembled with a core
made of cobalt—iron laminates which allows reducing the saturation while carrying the large flux density needed
to achieve the required sextupolar gradient 219403 T/m?. The open frame allows to accommodate the beam pipe
of the opposite beam. Further studies on the mechanical design of a long magnet have been performed on a hybrid
design of the final sextupole, SDO.

Post-collision Lines The baseline Post-collision Lines (PCL) lattice is composed of five types of dipoles all of
which are very large and heavy (up to 90 tons) due to the large aperture required (close to 500 mm for the largest
ones).
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Fig. 59 View of the poles of the longitudinal variable combined magnet

Fig. 60 The short QDO prototype

4.13 Super-conducting damping wiggler
4.13.1 Introduction

As shown in Sect. 2.1, to achieve the required luminosity at the collision point of CLIC, the normalized horizontal
emittance has to be drastically reduced by means of damping rings. The positron beam enters first a Pre-Damping
Ring and afterwards the main Damping Rings. The damping rings will be racetrack shaped rings with 20 wigglers
placed in each straight section. The ultra low emittance combined with the fast damping times requires high-fields
in the wigglers which can only be achieved with superconducting technology.

The baseline design presented in the CDR was foreseeing Nb-Ti superconducting wigglers with the parameters
presented in [71]. To test the wiggler system with beam, one prototype superconducting wiggler magnet has been
installed in the ANKA storage ring. The operational parameters for this prototype magnet were slightly different
from the today’s baseline parameters: B,, = 3.0 T, 35 periods, 51 mm period length \,, and a vacuum cold gap of
13 mm. A detailed analysis was performed and showed that today’s baseline parameters are of similar complexity
as the parameters of the prototype magnet and are within reach. No large-scale cryogenic infrastructure is foreseen
for CLIC, therefore, cooling each wiggler magnet individually with cryo-coolers has been chosen as baseline [71].
To minimize the He inventory, indirect cooling has been chosen and implemented in the prototype magnet.
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Fig. 61 Prototype of the
hybrid SDO, with PM blocks,
Fe-Co core and air-cooled
copper coils
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Table 39 Main parameters

of NbsSn wiggler for CLIC Period 49 mm
Magnet length 1864 mm
Number of full field poles 72
Magnetic Field 3.5 T
K ~ 16
Vacuum gap cold 10 mm
Magnetic gap cold 12 mm
Length flange to flange 2590 mm
Maximum ramping time <5 min
Power supply stability <107*

Beam heat load 50 A%
Period for LHe refill with beam > 6 month
Field stability for two weeks +107*

In the framework of this programme, wiggler magnets employing NbsSn conductor technology have been de-
signed, small scale demonstrators were built and tested [282, 283]. The present baseline parameters following this
technology are presented in Table 39. Nb3Sn wiggler magnets have the potential to reach smaller period lengths in
combination with larger magnetic fields and margins. This very interesting combination of parameters (see Fig. 62)
has triggered the construction of small prototypes. The results of tests of these prototypes are promising in terms
of magnetic field but the magnets suffered from insulation issues. Therefore, more work would be required to be
able to fully exploit the potential of NbsSn wiggler magnets.

4.13.2 Magnet prototype

In a collaboration between CERN, BINP and KIT, a prototype of a superconducting damping wiggler for the CLIC
damping rings has been designed, manufactured and installed at the ANKA synchrotron light source [70, 284].
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Fig. 62 Equilibrium 1500
normalized horizontal

emittance YE, (top) and

the effect of IBS

(YE; = YE;;0). The red

and the blue curves show the —
maximum achievable —
magnetic flux density for
superconducting wiggler
magnets with NbszSn and
Nb-Ti wire technology,
respectively [71]
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Fig. 63 Cross section of the
CLIC damping wiggler
prototype (left) and CLIC
damping wiggler during
testing at BINP (right)

The prototype magnet (see Fig. 63) was used to validate the technical design of the wiggler, particularly the
conduction cooling concept applied in its cryostat design, in a long-term study. In this study the expected heat
load from the up-stream wiggler’s synchrotron radiation in the order of several tens of Watts is also studied by
heating the vacuum pipe with a dedicated electrical heater.

4.13.3 Magnet test results

The cryostat design, first tested with the superconducting undulator at APS [285], is based on the continuous
recondensation of Helium vapour on plates cooled with the 2nd stage of cryocoolers. This approach led to an
under-pressure inside the Helium tank and in turn to temperatures in equilibrium conditions of around 3 K, even
during beam operation. Despite this lower than expected temperature, the maximum stable current reached in
the magnet coils turned out to be slightly lower than expected from the magnet tests in a liquid Helium bath at
4.2 K [286]. Figure 64 summarizes the quenches of the magnet. The maximum on-axis field amplitude reached
during ramping was 3.2 T, both in the bath cryostat and in the wiggler’'s own cryostat. In the case of indirect
cooling, however, holding quenches occur after periods of seconds to several hours in the outer, high current coil
sections and basically uncorrelated with the magnet temperature. The physical origin of this instability is not yet
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Fig. 64 Quenches of the wiggler marked on the load lines of inner and outer coil sections during current ramps (left) and at
constant current (right), in liquid Helium bath (top) and in own cryostat (bottom). Each point marks a quench, colour-coded
according to the temperature immediately before the quench. The coloured lines represent the critical condition for different
temperature levels, the labelled grey lines depict the corresponding on-axis field for the original (18 mm gap) and the final
(17 mm gap) magnet configuration, respectively

satisfactorily explained. The stable field is limited to 2.9 T by this effect, however, the wiggler can routinely be
operated at this field level also in the storage ring under beam operation conditions.

4.13.4 Beam test results

Before the installation in the storage ring the field integrals of the wiggler were measured with a stretched wire
set-up and minimized by adjusting the current distribution in the wiggler’s matching coils. A quite significant
horizontal field integral was corrected by additional vertical corrector magnets outside the cryostat. From the
closed-orbit measurements a slight readjustment of the field integral compensation settings turned out to be
necessary.

The first basic experiments on beam dynamics focused on the wiggler’s influence on the closed orbit and betatron
tunes in order to confirm the field integral compensation settings, the alignment of the wiggler and the results of
the online magnetic characterization. A betatron tune shift due to the vertical focusing strength of the wiggler
agrees with the model calculations. The origin of the (unexpected) horizontal tune shift is suspected to be due to
sextupolar multi-pole feed-down.

4.14 Controls

4.14.1 Introduction

The CLIC control system will be similar to the control system of the LHC and its injectors (see [287]). Some special
consideration has to be given to the Front-End Tier. For all CLIC accelerators excluding the Main Linac tunnel
it is proposed to use the “LHC approach” where controls electronics are housed in racks close to the accelerators
and connected to front-end computers, via dedicated cabling. These are in turn connected to the CERN Technical
Network which is based on gigabit Ethernet. This is the basis of the control system for CTF3 and although the
scale of the CLIC project means that the distances and the number of components to be controlled are larger than
in CTF3, there should be no fundamental difficulty in controlling the CLIC injector complex.

The equipment in the Main-Linac tunnel can not be controlled in the same way. Here there is high control-signal
density (about 100 signals/m). Building the acquisition system for this number of channels in the classical modular
approach would simply not be possible in terms of available space and also in terms of cost. In addition, limitations
on heat dissipation and the radiation environment in the tunnel, impose a new front-end architecture.

In the scope of the HL-LHC project [288], which is also very demanding in terms of accelerator controls, a
project was started; “Distributed I/O Tier and Radiation-Tolerant Fieldbus Project” [289]. This is a variation of
what was proposed in the CLIC CDR; where the development of a compact acquisition module, to serve as a
dedicated acquisition and control module (ACM) was proposed. For the rest of this discussion, we will discuss only
the parts of the CLIC control system which differ significantly from that described in the CDR.

The control system has 3 hierarchical layers of equipment communicating through the CERN Technical Network,
a flat Gigabit Ethernet network using the TCP-IP protocol. We will consider only the lowest layer, the hardware
layer.
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Fig. 65 Hardware layers Front-End Tier
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4.14.2 Hardware layer

The Hardware layer is where the interaction with the machine components takes place. A Distributed I/O Tier
platform (DIOT) and a new high-speed, radiation-tolerant fieldbus, are the areas where the control system as
described in the CDR [55] differs substantially from that proposed here.

As Fig. 65 shows, within the hardware layer, one can distinguish three tiers:

o Front-end Tier — a PLC or powerful computer in various form factors (VME, PICMG 1.3, MTCA 4, etc.)
running a set of user applications controlling Distributed I/O Tier over a fieldbus.

e Fieldbus Tier — communication link between the Master in the Front-end Tier and a set of slaves in the
Distributed I/O Tier

o Distributed I/O Tier — electronics modules that interface directly with the accelerator components in radiation-
exposed or radiation-free areas, controlled over the fieldbus. These are usually FPGA-based boards sampling
digital and analog inputs, driving outputs and performing safety-critical operations.

Depending on the needs of a given application, equipment groups can either use off the shelf systems (e.g. PLC-
based), design custom electronics, or a combination of the two. The specialised needs of the CERN accelerators
often demand the development of custom electronics. For these, there is a centralised service in the Front-end Tier
in the form of VME crates and PICMG1.3 computers that can host a modular FMC (FPGA Mezzanine Card) kit.

In the Fieldbus Tier the current offering for custom electronics is mainly built around the radiation-tolerant
WorldFIP bus. However, the limited (2.5 Mb/s) bandwidth will inflict prohibitive delays on some equipment groups
as they try to gather enough diagnostics to find the reasons for a given failure. It is planned to expand the offering
by developing a modern fieldbus communication based on 100 Mb/s Ethernet.

A modular standardised hardware kit that can be customized to suit various applications will be developed
as part of the DIOT project. Two important principles of the project are staying close to the standards used in
industry and designing the modules together with the future users — to benefit from the scrutiny and review of
many developers. While the complete kit consists of modules for radiation-exposed and radiation-free areas, in the
scope of the HL-LHC and CLIC the focus will be on radiation-tolerant components (Fig. 66):

e The 3U crate with a fully passive, standard, off-the-shelf backplane and power supply that can be exposed to
radiation.

e The generic system board that serves as the crate controller, implements crate diagnostics, interfaces with
application-specific peripheral boards plugged into other slots of a 3U crate, and features an FPGA that can
be programmed by each equipment group.

o A set of communication mezzanines that implement various fieldbus protocols: WorldFIP (2.5 Mbps), Powerlink
(100 Mbps), LpGBTx (10 Gbps).

This modular approach will satisfy the needs of the different subsystems. In particular, specific acquisition
systems can adopt the whole kit, or use only some of its elements according to their needs. The customisation of
the kit is done by developing application-specific add-in modules and implementing FPGA firmware for the system
board.

The WorldFIP FMC has been designed [290] and work is ongoing to develop the Powerlink FMC mezzanine. A
first DIOT hardware demonstrator which features an off-the-shelf crate has also been developed. The system board
for this first prototype is a modified GEFE board designed for control and acquisition of Beam Instrumentation.
This kit is being used as a prototyping platform to work on a radiation-tolerant power supply and a set of FPGA
cores for uniform diagnostics. These crates will be available to equipment groups for evaluation and development
of their application-specific add-in boards [ref DIOT].
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4.14.3 Acquisition and control for the main linac

For each type of CLIC module approximately 200 acquisition channels and 170 control channels are needed to
measure and control the properties of the beam, the RF parameters, the module alignment and stabilization,
vacuum and the cooling systems. The data rate for acquisition is dominated by the signals coming from beam
instrumentation and from RF and is around 6 Mbits/s per “DIO Slave”. Given the capacity of current optical
fibres, there should be no data transmission bottleneck to and from the “Slaves” to the alcoves.

Owing to the long distance (878 m) between the underground alcoves (see Chap. 5), it is not foreseeable to
locate the acquisition and control electronics for the 436 modules of one “sector” in these alcoves. The required
space for the electronics for such a large number of modules and the cost for the cabling to and from such a number
of modules to the alcoves would be prohibitive.

The proposed solution, therefore, consists of one or two local “DIO Slaves” (DIOS) per CLIC module, located
as close as possible to each module. The position of the “DIOS” relative to the module has yet to be decided and
depends on the form factors of the chosen hardware platforms. The DIOS should, however, be positioned as far
as possible from the beam pipes to limit the amount of radiation to which they are subjected.

The DIOS is responsible for the acquisition and transmission of control signals under the constraints on the
radiation hardness and power consumption. In the light of these constraints, a generic approach must be found in
order to provide an “open” CLIC module acquisition and control solution that would accommodate the controls
requirements for the different CLIC sub-systems.

4.14.4 Digitization and data transmission

The DIOS should perform the following tasks:

e The prompt digitizing of the incoming signals from the CLIC sub-systems

o The execution of commands and configuration actions, as received from the higher level(s) of the CLIC control
system

e The execution, for some systems, of pulse-to-pulse feedback loops

e The synchronization of acquisitions and commands with the CLIC timing system

o The time stamping of the acquisitions

e The pulsing of hardware components of the system, in synchronization with the CLIC timing system

o The bi-directional transmission of data via optical link(s) to the next-higher layer of control system.

@ Springer



6548 Eur. Phys. J. Spec. Top. (2026) 234:6473-6652

4.14.5 Remote configuration and diagnostic facilities

The quantities and the underground location of the DIOS represent a unique challenge in terms of operations.
Specific aspects should be addressed in terms of operational availability and long-term maintenance and evolution
of these systems. The following mandatory services shall be implemented at the level of the DIOS:

e Monitor in real-time, through the communication link, the correct functioning of any internal hardware com-
ponent of the system.

e In case of malfunction, disable parts of the system in order to allow the operation of CLIC in degraded mode.

¢ Remotely upgrade firmware and configuration parameters.

4.14.6 Front-end computers

In each alcove there is one, or more, dedicated Front-End Computer (FEC) for each module sub-system: beam
instrumentation, RF, cooling, alignment, stabilization, vacuum, and power converters. In addition, there is a
dedicated FEC for timing and another FEC dedicated to Machine Protection. The FECs will be the fastest real-
time computer available at the time of their installation. For the slower signals (e.g., vacuum and cooling, where
real-time processing speed is not so important), Programmable Logic Controllers (PLCs), or their equivalent, may
be used. For the FECs to send information, via the middleware services, to the CLIC Control Centre the alcoves
must have a connection to the surface. As there is only surface access every fourth alcove, it is necessary to link
four alcoves via separate fibres. In the alcove which has access to the surface, dedicated switches take care of the
connection to the surface.

4.14.7 Conclusions

The CLIC project comprises several different accelerators, each of which needs a solution for controls. This complex
of accelerators resembles the present scheme at CERN for the LHC and its injector chain. Hence a control system
as a scaled version of the present LHC system can be envisaged. The basic functionality of a three-tier system has
to be provided and the solutions for the front-end computers following the industrial standards available at the
time of construction. An exception to this general solution is the acquisition and control of the CLIC modules in
the Main Linac and the logging of data coming from the accelerator sub-systems. For this several challenges will
have to be addressed as technology develops over the next few years:

e The scale of the CLIC machine requires an unprecedented amount of controls equipment to be installed within
a limited space and under radiation constraints. For each of the 2,976 Main-Beam modules (380 GeV stage)
one or more DIOS chassis will be installed, each of which holds 10-20 electronics modules. This gives a total
of between 30,000 and 60,000 individual electronics modules. A large industrialization and procurement effort
will be required to produce and deliver such a quantity of electronic cards.

e The tunnel of the CLIC Main Beam is a very hostile environment for electronics. The DIOS chassis will be
installed as close as possible to the modules. This is a new and yet un-tested, concept for an accelerator control
system front-end.

e From simulations, the radiation levels in the CLIC Main Beam tunnel are one or two orders of magnitude higher
than in the LHC. The DIOT Project, from which comes the DIOS concept, has addressed radiation hardness
from the beginning and so this issue should be less limiting than in the CDR.

e Another major challenge is to limit the amount of heat given off by the DIOS into the tunnel. Over the next few
years, various low-power solutions will be studied as will the possibility of switching off the electronics between
beam-pulses.

4.15 Fine time generation and distribution

4.15.1 Background

The goal of a timing system is to provide a common time reference in a distributed environment. This reference
is usually the result of counting ticks of a clock signal from an arbitrary instant. The clock signal, a(t), is ideally
of perfect periodicity and stability. Real-world clocks, however, present imperfections [291] in both amplitude and
phase as expressed in Eq. (3).

a(t) = A(1+ «a(t)) sin(wt + ¢(t)) (3)

where w is the angular frequency of the clock signal.
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It is common practice to use the Power Spectral Density (PSD) of signal ¢(¢) to specify jitter requirements.
The integral under the PSD curve is the total jitter. In real life, an application is only sensitive to jitter generated
between two finite integration limits. Figure 67 shows a typical plot of a one-sided PSD (S, (f)) of the phase
noise for an oscillator. Integration limits are set between f; and fy. For a machine with a repetition rate of
50 Hz such as CLIC, it is estimated that all perturbations below 5 Hz in Fourier frequency can be dealt with
by appropriate inter-pulse feedback strategies. Reasons for establishing an upper limit in integration stem mainly
from the inability of some systems to react to such fast variations. These limitations can be in electronics, such
as the bandwidth of the input stage of a digital gate, or in electromechanical systems such as an RF accelerating
cavity.

4.15.2 CLIC timing requirements

4.15.3 Drive-Beam RF system

In Ref. [292] the jitter of the 1 GHz field in the accelerating cavities of the Drive Beam is specified as 50 fs
integrating between 5 kHz and 20 MHz. It is also said that with appropriate feed-forward control in the Main
Beam, this figure could be relaxed by a factor of 10. However, the reference phase noise fed to the LLRF system
is only responsible for a small percentage of the final jitter in the electromagnetic field. Taking this contribution
to be 10% results in a specification of 50 fs for the jitter of the reference clock signal distribution to each one of
the 326 accelerating structures in each linac.

4.15.4 Beam instrumentation

Longitudinal profile monitors could be based on distributed lasers and changes in optical properties of bi-refringent
materials induced by the Main Beam. These monitors have the task of measuring 150 fs bunches with a resolution
of 20 fs [293]. The precision required from the clock signal, which allows the synchronisation of the lasers with the
beam, would therefore be in the few tens of femtoseconds, integrated between 5 Hz and a few hundreds of kHz
(the bandwidth of the Phase-Locked Loop locking the laser to the reference).

4.15.5 Two-Beam acceleration system

The Two-Beam acceleration scheme in CLIC requires a very precise synchronisation between the Drive Beam and
the Main Beam. Figure 68 depicts a possible synchronisation solution. A controller measures the phases of the
Drive and the Main Beam with respect to a reference line, and uses that information to control the amplitude
of a kicker pulse which modifies the trajectory of the Drive Beam in order to keep it well synchronised with the
Main Beam. The required precision of this alignment is around 40 fs [294], so the timing reference precision clearly
needs to be better than that. The bandwidth of the kickers, in the several MHz region, would set a natural upper
limit for integration of phase noise.

4.15.6 Technical solutions

There are two main types of solutions currently developed and tested for the distribution of precise timing signals
in the femtosecond realm [295]. Both types have achieved synchronisations better than 20 fs over distances of
several hundreds of metres.

In the Continuous-Wave (CW) variant, a laser modulated in amplitude by the RF or microwave signal to be
transmitted. A fraction of the light reaching the destination bounces back from a Faraday Rotator Mirror (FRM)
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and is, in the process, shifted in frequency using a Frequency Shifter (FS). Another FRM reflects a sample of the
light signal as it leaves the source. These two signals, upon mixing together, produce a beat whose phase can be
easily measured. The key feature of this system is that the heterodyning process preserves phases, so a phase shift
induced in the optical frequency by a change of length in the fibre will show up as exactly the same phase shift
at the RF frequency, which is much easier to measure. Once the phase of the beat signal is detected, it can be
used to digitally shift the phase of the recovered RF signal at the receiving end of the link. It is important to
note that what is really measured in this method is the phase delay, not the group delay of the modulation which
is ultimately what we are interested in. In order to compensate for group delay, a first-order correction — based
on actual measurements of a given fibre type for a range of temperatures — is applied to the raw phase delay
measurements.

In the pulsed variant, a mode-locked laser is synchronised with the external RF signal, which determines its
repetition rate. Narrow light pulses come out of the laser and travel through a dispersion-compensated fibre to the
receiver, where a fraction of the light is reflected back towards the emitter. An optical cross-correlator measures the
degree of coincidence of the two pulse trains and the result is used to control a piezo actuator that changes the fibre
length so as to keep a constant group delay. This mechanical actuator is unavoidable because the cross-correlator
needs the pulses to overlap, at least partially, in order to give a meaningful reading. On the other hand, the pulsed
system controls group delay directly, so no ad hoc conversion between phase delay and group delay is needed.

4.15.7 Technical issues

Both types of systems have been successfully deployed over distances of several hundred metres, so the 6 km
needed by CLIC Stage 1 is unknown territory. In the case of the CW system, one potential source of concern is
the need for a model of phase-group delay corrections vs. temperature. If the temperature is not uniform over the
complete length of the fibre, as can easily be the case in CLIC, a solution will need to be found.

Another potential issue is Brillouin scattering, a non-linear effect which is especially strong in optical fibres,
due to the large optical intensities in the fibre core. Brillouin scattering in fibres leads to a limit of the optical
power which can be transmitted, since above a certain power threshold, most of the light is scattered or reflected.
This is especially a problem for narrow-band optical signals, and for long fibre lengths. In the pulsed system,
Brillouin scattering is not much of an issue, since the power spectral density, which is the important quantity, is
much smaller than for narrowband CW systems.

For the pulsed system, a major difficulty will be the dispersion control of the optical fibres, as the fibre length
increases. Additional problems due to non-linearities are not expected to be any more significant than with shorter
fibre links.

Finally, one very important difference between the solutions currently deployed and the CLIC scenario is the
scale of the project. Current implementations do not scale very well beyond some tens of destinations. This is
mainly due to the number of ports typically available in optical components, such as splitters/combiners. For
CLIC, one of the challenges will be to explore in detail the real needs of each destination and come up with a
strategy for partitioning the system in such a way that a reasonable compromise between performance and cost
can be found.

4.16 Machine protection

4.16.1 Introduction

In the CDR [55] there is a detailed discussion of the destructive capacity of the CLIC beams. Although the beam
power is impressive (Main Beam: 14 MW and Drive Beam for a single decelerator: 2.9 MW) the energy per pulse
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2.8 MJ and 0.58 MJ respectively, is more than two orders of magnitude lower compared to the LHC beam of
300 MJ. Nevertheless, the energy density due to the extremely low beam emittance and spot sizes is very critical.
Both beam power and energy density have to be addressed with the machine protection system to allow for safe
and reliable operation.

As described in the CDR, the CLIC Machine Protection policy deploys different strategies depending on the
time domain of the failures. In the following subsections, the status and implications for each of these strategies is
discussed in more detail. The description will start from the interlock protection, which provides real-time protec-
tion for equipment failures up about a millisecond before beam passage, and then continues with the strategies to
mitigate failures occurring at shorter time scales. Then we discuss the strategies for failures occurring over longer
time scales.

4.16.2 Machine interlock system

The CLIC machine interlock system will assure that all equipment failures, detected in time before the next beam
is committed, revoke the “next beam permit” and inhibit delivery of otherwise ill-controlled beams.

At CERN, and most notably for the LHC, a lot of experience with interlock systems has been build up. Although
there may be many similarities, there is also a substantial number of differences to the CLIC machine. Firstly,
whilst the LHC interlock surveys the circulating beams and may demand a beam dump on the next beam passage,
in CLIC there is only a single beam passage. Hence, the interlock system only controls the permission for the next
pulse. Technically speaking, the CLIC interlock system should be compared with the LHC injection interlock. A
second difference is that the CLIC cycle time (20 ms) is by far not comparable with the LHC inter-cycle time
(over 20 minutes). Hence, the CLIC interlock system must be able to rearm much faster and rely on automated
analysis to determine whether the next cycle can safely be committed. Finally, the CLIC interlock system has to
deal with multiple beams (Main Beam, Drive Beam) of various possibly beam intensities (i.e. during the intensity
ramp up), that are traversing a multitude of accelerators and transfer lines.

Due to this complexity, the CLIC interlock system must be closely integrated with the beam scheduling system.
The beam scheduling system will send out a token with the next pulse configuration that circulates through
the CLIC complex. All interlock managing stations in the CLIC accelerator chain have to add their acceptance
signature to the token for the next pulse to be executed.

4.16.3 Safe by design

The interlock system intercepts any equipment failure that occurs during the inter-beam period. However, as the
interlock system has a finite signal-handling time, the interlock system will only cope with equipment errors that
are detected up to 1~2 ms before the next pulse permit is given. This implies that all the equipment circuits must
be designed such that there is enough inertia in the system for the equipment settings to stay within the tolerance
required for safe beam passage during 2 ms following the onset of a failure.

This strategy is not new, and is already deployed in many of the CERN transfer lines which carry high-intensity
beams.

4.16.4 In-flight protection

The very short pulse length (156 ns for the Main Beam and 244 ns for the Drive Beam) makes it practically
impossible to correct real-time errors. Once a pulse has been committed, there are practically no means to intercept
safely the beam in the event that beam losses are detected (note that the CDR discusses a few exceptions where
theoretically an interlock system may act on the beam in progress). Hence, for so-called “in-flight” failures, the
machine protection system has to rely on fixed protections by masks and collimators. Most notably, masks are
needed to protect extraction and transfer channels that follow any fast extraction or injection element. The design
of the mask will be a challenging task as the charge density of the extracted beam could be high enough to damage
the mask.

The interesting concept of reusable surfaces (i.e. where, in case of damage, the collimator surface can be displaced
parallel to the beam) which exists in the LHC should also be deployed in CLIC. Furthermore, special attention is
given to improving the reliability of the kicker systems through the deployment of inductive adders to pulse the
kicker systems.

4.16.5 Beam quality checks and next pulse permit

The strategy to deal with medium term failures is based on the concept of a “next pulse permit”. Upon completion
of every cycle, the hardware permit of the next pulse will automatically be revoked. Only after a number of
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Table 40 Peak energy and

total power on the water Max [J cm ™ per bunch train] Total power [W]
dump and on the titanium Uncollided Collided Uncollided Collided
vessel /window for the
un-collided and the collided ~ H,0 230 + 1 9.10 £ 0.01 13.8 M 13.4 M
beam scenarios Ti window 4.35 £ 0.36 83.8£1.0m 6.24 4.91

Ti vessel (side) 569 + 18 i 903 £ 29 8.45 k 9.07 k
Statistical uncertainties on Ti vessel (upstr. face) 320+ 132 2.15+0.13 m 9.07 45.7
Bhf(;otal values are below Ti vessel (dwnstr. face) 245 + 6 m 39.14+6.2m 112k 944

. 0.

predefined automated beam quality checks on the actual pulse have successfully passed, will the permit for the
next pulse be re-established.

Conceptually this strategy is not new, beam quality checks are also applied in LHC. However, while in the
LHC many post-cycle checks are performed under operator/expert supervision, in CLIC this decision has to be
executed within the 20 ms cycle, imposing further constraints on the data collection and analysis of the beam
instrumentation equipment.

The most important beam quality checks are based on beam losses, beam trajectory information and beam-based
feedback/feedforward performance.

The beam quality check will work in close conjunction with the beam scheduling system, which orchestrates
the beam intensity ramp-up after a beam interlock. Hence, the next pulse permit decision is not just a go/no-go,
but it also encompasses the decision on the beam intensities.

4.16.6 Long-term protection

Long-term protection has to ensure that the machine stays in a healthy state over longer periods. The most
important ageing factor of many components is radiation related. Continuous machine optimisation with the aim
to reduce radiation losses is important in this context. Radiation levels will be monitored and, where needed, the
impact can be reduced by radiation shielding.

4.17 Beam interception devices
4.17.1 Main-Beam Dump

In order to cope with the challenge of absorbing the CLIC Main Beam, a water Beam Dump at the end of the
CLIC post-collision line is proposed. It consists of a 10 m long cylinder, filled with water, pressurized at 10 bar,
and with a diameter of 1.8 m, surrounded by a 15 mm thick titanium vessel of the same shape. For the present
study a circular window has been considered, 30 cm in diameter, 1 mm thick, made of a titanium alloy (Ti-6A1-4V,
i.e., ASTM G5, or UNS R56400), and directly cooled by the circulating water inside the dump.

The energy /power deposition by the primary beam on the water dump was calculated using the FLUKA Monte
Carlo simulation code [296]. Two different beam scenarios were considered: the 1.5 TeV uncollided electron beam
with a transverse Gaussian beam profile centred on the dump axis, with opo = 1.79 mm and o,e, = 3.15 mm. For
the collided beam the secondary particles produced in the electron—positron interactions at 3 TeV centre-of-mass
energy were simulated with the GUINEA-PIG package [297] and were transported along the post-collision line up
to the dump with the DIMAD tracking code [298].

Table 40 shows the peak energy and total power on the water dump and on the titanium vessel/window for the
uncollided and the collided beam scenarios. As expected, the case of uncollided beam is more severe than the one
of collided beam.

The induced nuclide production in the dump was estimated; in case of uncollided beam, the short lived radio-
nuclides are (with half-lives in brackets) 1*O (2 minutes), 13N (10 minutes) and '*C (20 minutes) are produced with
rates of 1.19 x 101°s~1, 5.51 x 10"¥s~! and 3.39 x 10'*s~1, respectively. The long-lived nuclides "Be (53.6 days)
and *H (12.3 years) have a production rate of 1.14 x 10'*s~1 and 3.12 x 10'*s~!, respectively.

Water circulates in the dump in a closed loop, externally cooled. A continuous water flow of at least 25-30 litre/s,
at an average speed of 1.5 m/s, is required to remove the power deposited in the innermost part of the dump and
maintain the peak temperature of water slightly below its boiling point. A safety factor of at least two should be
applied to these values.

In case of inefficient heat removal, the sudden increase of the water temperature is about AT ~ 55 K per
pulse [108]. Water reaches the boiling point after few bunch trains and the beam must be interlocked. A safety

@ Springer



Eur. Phys. J. Spec. Top. (2026) 234:6473-6652 6553

XSP Energy Deposition
ESP Energy Deposition 3

10000
10000 25

X {(cm)
S

X (cm)

0.01

0.01

Energy density (Jem/312x3.72 10° &)
Energy density (Jlem®/312x3.72 10° &)

Z (cm)

Fig. 69 Energy density map in the case of the accident scenario with 2 mm impact parameter. Left plot shows ESP collimator,
right plot XSP collimator

system must be activated to evacuate the vapour pressure generated in the tank. The initial pressurization at
10 bar moves the boiling point of water to 180 °C. allowing a larger margin of manoeuvre, but AUTODYN® [299)
simulations show that the pressure wave causes an overstress on the dump walls and window at each bunch train,
to be added to the stresses due to the 10 bar hydrostatic pressure. Stiffeners are required, and possibly some type
of shock absorbers in critical locations, in order to guarantee the dump structural integrity. The use of gas—water
mixtures for a more effective damping of the pressure wave is not a priori excluded.

4.17.2 Collimation system

The CLIC collimation system consists of pairs of spoilers and absorbers in order to remove the unwanted halo of
the beam. The CLIC collimation system is driven by their cleaning capabilities and its ability to survive a possible
accident scenario. The system was simulated by means of FLUKA [296] for a possible beam accident scenario, as
well as for normal cleaning operation.

For the accident scenario it was assumed that the full train of 312 pulses with intensity of 3.72 x 10 electrons
at 1.5 TeV hits the front face of the energy spoiler (ESP) and, with lower probability, the horizontal or vertical
spoilers (XSP/YSP). For the simulation, a shallow depth of the beam was used with an impact parameter of 2 mm
assuming a beam spread of 780x22 pm? in horizontal x vertical for the energy spoiler ESP and 8x1 pm? for the
transverse spoiler XSP.

During normal operation all spoilers should see only a fraction of beam (of the order of 107%). For the sake of
simulation, we assumed a beam spread similar to that the accident case.

Figure 69 shows the energy deposition map on a beryllium ESP spoiler for the accident scenario with 2 mm
impact parameter. Although the total beam energy is equivalent to 280 kJ, the spoiler stops only a tiny fraction
of the beam close to 6 J, about 36.5 MeV out of 1.5 TeV for every primary electron hitting the spoiler. This energy
deposition produces a peak energy density of the order of 600 J/cm?, which will generate, assuming adiabatic
conditions, an instantaneous temperature rise of 450 K. The ESP spoiler will survive the accident scenario, since
it is practically transparent to the beam, and only a tiny fraction of 2.4x 107 will be stopped on the jaws. The
remaining energy will continue downstream, therefore a dedicated study will be required to ensure the protection
of the downstream elements that will be exposed on the accidental beam.

In the case of the XSP (Figs. 69 the considerably smaller beam spread as well as the heavier materials used
(titanium for the jaws and copper for coating), results in a very high energy deposition with a peak-energy density
of 30 kJ/cm?®. Obviously, the jaw material and the coating will not survive this huge energy density therefore a
replacement of the spoiler after such a failure scenario would be required.

The main mechanism of secondary particle production on the collimator is the indirect interaction of the
electron beam with the spoiler through photo-nuclear interactions from the bremsstrahlung photons. Muons,
being minimum-ionizing particles, are those which have a higher probability of reaching the experiments at the
interaction point. The correct evaluation of the muon spectrum reaching the experiments will strongly depend on
the material present in the flight path of the muons. A possible remedy would be additional shielding after the
spoiler in order to allow the charged mesons to interact before they decay.

According to the design parameters, the ESP should be exposed to fractions of 1076 of the full beam, with a
very small impact parameter. Assuming an operation of 200 days per year with a pulse train of 312x3.72x10°
electrons every 20 ms, and a damage threshold for beryllium of 31 eV, the maximum DPA obtained on the ESP
spoiler is of the order of 2.5x107%/year. Using the same parameters, the core of the ESP spoiler will reach a

@ Springer



6554 Eur. Phys. J. Spec. Top. (2026) 234:6473-6652

maximum activity of 200 mSv/h during operation, which very quickly will drop to values below 0.1 mSv/h after
one hour of cooling due to the very light and short-lived residual nuclei produced.

4.17.3 Photon absorbers in the damping rings

The twenty wigglers installed in the CLIC damping rings will generate synchrotron radiation with a critical energy
of 19 keV with a spectrum emitted in a concentrated light cone with a small opening angle of ~3.2 mrad. As shown
on the plot the maximum energy of these photons is of the order of 50 keV, resulting in an attenuation length of
about 19 mm on copper. The total power to be absorbed per wiggler is of the order of 33 kW.

Vertical and horizontal absorbers made of copper are foreseen after each wiggler, based on a 4 wiggler scheme [71].
Ray tracing simulations were performed to estimate the energy density seen by the wiggler absorbers for the original
NbTi wiggler. These studies should be updated for the NbsSn version with higher field foreseen in the present DR
design.

5 Civil engineering, infrastructure and siting
5.1 Civil engineering
5.1.1 Overview

Since the CLIC PIP was published in 2018, a number of significant changes have been introduced to the civil
engineering design. These changes derive from the decision to update the design to have two interaction points,
alongside further design optimisation of the 380 GeV Drive-Beam machine. The major changes to the design as a
result of these updates are:

e 2 km of tunnel widening on either side of the detector cavern to account for the two incoming beamlines to the
two detectors.

e A reduction in size of the surface injector complex, most notably, the combination of the Booster into the Main
Beam injector tunnel.

e A decrease in the number of required service buildings.

e An adjusted surface layout avoiding all existing CERN buildings, environmental concerns, and reducing the
transfer tunnel lengths.

Information about the previous studies done for a klystron-based alternative can be found in Appendix C. All
the updates described in this section have been done for the baseline drive-beam machine.

Figure 70 presents the underground structures schematic for the CLIC civil engineering works at the two
proposed energy stages of 380 GeV and the upgrade option of 1.5 TeV. The key features of this layout are:

e 380 GeV Drive-Beam machine with a main tunnel length of 12.1 km.

e 1.5 TeV Drive-Beam machine with a main tunnel length of 29.6 km.

e 3 TeV Drive-Beam option no longer being considered in the Civil Engineering designs.
e A single detector cavern including the two offset detectors.

Tabulated beneath the schematic are the underground component parameters for each energy stage as well as
for the Beam Delivery System (BDS) and Detector area.

5.1.2 Study area and siting

The location of the CLIC 380 GeV machine has been optimised whilst still considering the requirements for a
higher energy stage. This optimisation took into account the availability of existing CERN sites, the regional
geology and local environment. Previous experience from the construction of LEP and the LHC has shown that
the sedimentary rock in the Geneva basin, known as molasse, provides suitable conditions for tunnelling. Therefore,
boundary conditions were established so as to avoid the karstic limestone of the Jura mountain range and to avoid
siting the tunnels below Lake Geneva (see Fig. 71) whilst maximising the portion of tunnel located in the molasse.

Based on the regional, geological and surface data, and using a decision-support web application for future
accelerator localisation study (Geoprofiler), a 380 GeV solution has been found that can be upgraded to the higher
energy stage of 1.5 TeV. Figure 72 shows the simplified geological profile of the CLIC machine stages. The 380 GeV
stage is located entirely in molasse rock and avoids the complex Allondon depression. This solution is optimised
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Fig. 71 CLIC siting study
area
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for 380 GeV and provides an excellent upgrade possibility to the 1.5 TeV stage. A key advantage of this solution
is that the interaction point and injection complex are located on the CERN Prévessin site.

Using the Prévessin site and adjacent CERN owned land to house the injection complex and the surface
experimental site above the interaction region assists greatly in reducing the needs to acquire land. The only
additional land required for the 380 GeV and 1.5 TeV CLIC stages is that for the shaft surface sites. Each surface
site requires a 170 m x 140 m plot. Thus, at 380 GeV two sites will be required for the two shafts at the extremities
of the tunnel. For the upgrade to 1.5 TeV four sites are required for the additional four shafts.

With the exclusion of the 3 TeV stage, the Gland depression is no longer a geological concern. Thus there is
scope at these lower energy stages of 380 GeV and 1.5 TeV to reduce shaft depths, still being housed in good
molasse rock without any need for further site investigation to confirm this.

5.1.3 Injector complex

The layout of the Injector and Experimental complexes has been optimised to be completely located on CERN land
avoiding all existing CERN infrastructure and the key environmental concern of the river “Le Lion” (see Fig. 73).
At 380 GeV the two buildings housing the klystrons and modulators of the Drive-Beam Injector complex have a
width of 17 m and a combined length of 1800 m. These buildings are situated on the west side of the Prévessin
site. Surrounding these buildings are a series of CV, RF Power Distribution and Water Station buildings.

The Main-Beam Injectors are also located on the CERN site; they consist of several linacs and damping rings.
The layout is similar to that presented in the PIP. In 2024, the Main-Beam Injector building has been reduced
from a length of 880 m to 500 m and now includes the Booster in the same cut and cover tunnel beneath it.
The Main-Beam Injectors have been relocated to the east of the Prévessin site with the damping rings now being
stacked. These optimisations reduce the number of required surface structures and the transfer tunnel lengths
within the complex significantly.

5.1.4 Main tunnel cross section

A 5.6 m internal diameter tunnel is required to house the accelerating structures and all the necessary services as
well as the transport corridor (Fig. 74). It is anticipated that the main tunnels will be constructed using Tunnel
Boring Machines (TBMs). For TBM excavation in a sector with “good” conditions, a single pass pre-cast lining is
adopted. The tunnel floor is to be cast in-situ in concrete around water supply and drainage channels.

This tunnel section has remained the same since the PIP. The most significant alteration being the introduction
of large ventilation ducts that must be routed through the access shaft caverns (UTRCs) and the service alcoves
(UTRAS) located every 878.23 m (Fig. 70).
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Fig. 72 Geological profile of the two-stage linear collider

Due to the significant change in the cooling and ventilation solution, the UTRCs and UTRAS increased in size.
It is necessary to construct caverns that allow large CV ducts to pass from the main tunnel to these auxilliary
structures which will be required to house the air handling units; the UTRCs are expected to be 55 m in length
and 16 m in width and the UTRAs for the 380 GeV energy stage are expected to be 40 m in length and 10 m in
width.

5.1.5 BDS and interaction region

A layout of the interaction region is shown in Fig. 75. It displays the detector and service caverns, which are
interconnected by an escape tunnel that leads to a safe area in each of the caverns. The service cavern is accessible
via a 12 m internal diameter shaft, whilst the detector cavern has an 18 m diameter centrally located shaft between
the 2 detectors. Access to the region is granted via lifts and a stairwell in the service shaft, whilst the experimental
shaft is used predominantly for the installation of the detector. The figure further displays the incoming beam
lines at 16.5 mrad and 26 mrad alongside the post collision lines which lead into the beam dumps.

In 2024, the IR cavern was replaced directly by the detector hall, with floor parameters of 30 m x 60 m, the
detector hall has sufficient space for both detectors and is now connected directly to the BDS. The two tunnels that
contain the Beam Delivery Systems, shown in Fig. 76, are each angled at 20 mrad with respect to the Interaction
Region. This allows effective extraction of the beams after collision and the separation of the post collision lines
from the incoming beam lines. To accommodate for the dual beam line and detector update, a 2 km section on
either side of the BDS will undergo tunnel widening linearly from 5.6 m to 16 m at the connection to the detector
hall.

Figure 77 presents an alternate design for the Interaction Region. As opposed to tunnel widening, this design
requires the beams to split into two parallel tunnels on approach to the IR. Here the two detectors are independent
within smaller caverns to assist with the stability of the final focusing magnets. The detectors are connected to
separate service caverns which provides an ease of maintenance whilst keeping the other detector operational. Due
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Fig. 73 Schematic layout of the Injector Complex and Surface Experimental Site
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to the independence of the 2 sides of the IR, two experimental and two service shafts are required to install the
detectors and provide access to either side of the IR.

5.1.6 Cost consideration

The overall cost has been minimised for the 380 GeV machine. The cost estimates are based on those used for other
ongoing CERN projects and the full cost analysis includes all aspects of construction, including, but not limited
to, labour costs, material costs and consumables as well as design, consultancy, and site investigation works.

The further design optimisation of the Drive Beam Injector Complex provides a significant decrease in costs.
The most significant decrease being due to the inclusion of the Booster into the Main Beam Injectors. Alongside
this, the relocation of the Main beam Injectors to the east side of the Prévessin site and the stacking of the damping
rings reduces transfer tunnel lengths.

As a result of the dual interaction point update, the BDS tunnel costs have increased. 2 km of tunnel widening
either side of the interaction region induces a major cost. The existing detector hall suitably houses both detectors
and thus doesn’t induce any additional costs. Despite the cost reduction as a result of the Injector Complex
optimisation, the overall civil engineering cost increases predominantly, due to the major tunnel widening works.

The decision to use the alternate IR design, despite the removal of the tunnel widening sections, would slightly
increase the cost due to the extra shafts, caverns and surface structures.

5.2 Electrical network

The design of the CLIC electrical network is driven by three main factors:

« the estimated electrical power requirements (Fig. 91);
¢ the location and type of equipment to be supplied and;
e the expected level of electrical network availability and operability.

The electrical network is composed of a transmission and a distribution level. The transmission level transmits
power from the European Grid to the CLIC sites and between the eleven CLIC surface locations and finally to the
underground infrastructure. This network typically operates at high voltage levels from 400 kV down to 63 kV. The
distribution level distributes the power from the transmission level to the end users at low and medium voltage
levels in the range of 400 V and 36 kV.

5.2.1 Source of electrical energy

The electrical power for the 380 GeV machine is supplied from the European Grid. There are two 400 kV sources
and one 230 kV source located within close proximity to the proposed CLIC location (Fig. 78). At the time of
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the CDR, RTE (Reseau Transport Electricité) confirmed that on the time horizon of 2035, each of the French
supplies is capable of providing 200 MW of power in addition to their present load; nevertheless, no further checks
have been performed with RTE in the following years. The long-term availability of power from the Swiss supply
is unknown. Assuming that 200 MW of power is available from each of the three sources, the necessary power
supply for all CLIC configurations is currently available. For all CLIC configurations, roughly 70% of the total
power required is for the injection infrastructure located on the main campus (point 1 in Fig. 78). The proposed
transmission and distribution network considers the upgrade of the European Grid to make available the total
CLIC power requirements at point 1.

5.2.2 Transmission network

The transmission network configuration for 380 GeV is identical for both the Drive Beam and Klystron options.
The network will expand progressively for the 1.5 TeV stage. The proposed voltage levels and network are optimised
to allow the use of the existing electrical infrastructure when expanding to the higher CLIC energy stages.

5.2.3 Transmission network for the 380 GeV stage

The transmission network scheme for the 380 GeV stage (Fig. 79) includes a primary transformer substation at
point 1. From the 400 kV European Grid, a 400/132 kV step-down transformer substation supplies a transmission
network that connects to points 2 and 3 through a 132 kV transmission line. From the 132 kV substations at
points, 1, 2 and 3 the required 132/36 kV step-down transformer substations will supply the distribution network.
The design includes redundant bus bars at 400 kV and 132 kV levels, and redundant power transformers in order
to provide the required level of availability, operability and maintainability.
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5.2.4 Transmission network for the 1.5 TeV stage

The upgrade of the transmission network from the 380 GeV stage to the 1.5 TeV stage includes the extension of
the transmission network to the adjacent points 4, 5, 6 and 7 (Fig. 80). On each of these four points, a 132/36 kV
step-down transformer substation is constructed and interconnected to the existing substations at points 2 and 3
through new 132 kV transmission line segments. The ampacity of the existing transmission line segments between
points 1, 2 and 3 is increased by adding a second line in parallel to the existing ones. At point 1 the existing 400/132
kV and 132/36 kV step-down transformer substations are extended to provide the necessary power requirements
for the supply of the Drive-Beam infrastructure.

5.2.5 Distribution network topology

The distribution network connects the transmission network to equipment and systems installed on the surface and
underground. During nominal operation, the transmission network supplies the distribution network. Alternative
sources of supply are required in order to achieve the required level of network availability and to cope with
degraded scenarios such as general or local power supply disruption. Therefore, the distribution network includes
a second source of supply, rated between 2 and 10 MVA, fed from a regional grid node, a third source of supply
rated from 1 to 5 MVA of local diesel power stations and a fourth source of supply which provides uninterruptable
power. Figure 81 shows the single line diagram of the distribution network of an individual CLIC surface point
including the alternative power sources.

The distribution network consists of a primary surface indoor substation composed of several bus bars. The
incoming feeders are the two redundant 135/36 kV transformers on the transmission network, that is, the second
supply from a regional source and the third supply from a local diesel power station. The outgoing feeders supply
the secondary substations. These are located on either the surface or underground, near the load. The operating
voltage of the distribution network is typically 36 kV for the power distribution over distances greater than 750 m.
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Voltage step-down transformers feed end users from the secondary substations over a maximum cable length of
750 m. End users are supplied from the secondary substations at voltage levels between 400 V for wall plug
equipment and 3.3 kV for high power motors for cooling, ventilation and cryogenic systems.
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Fig. 80 Transmission network baseline for 1.5 TeV. The extension from the 380 GeV stage to the 1.5 TeV stage is shown in
red

Table 41 Load classes and main characteristics

Load class Loads type (non-exhaustive list) Power unavailability duration in case
of degraded scenario

Machine Power converters, cooling and ventilation motors, radio Until return of main supply
frequency
General Services Lighting, pumps, vacuum, wall plugs Until return of main or secondary
supply
Secured Personnel safety: Lighting, pumps, wall plugs, elevators 10 — 30 seconds
Uninterruptable Personnel safety: evacuation and anti-panic lighting, Interruptions not allowed, continuous
fire-fighting system, oxygen deficiency, evacuation service mandatory

Machine safety: sensitive processing and monitoring,
beam loss, beam monitoring, machine protection

5.2.6 Emergency power

The emergency power concept is based on the requirement to keep essential parts of the accelerator infrastructure
operational if the normal power source fails. Particular emphasis is put on loads related to personnel and machine
safety during degraded situations. The various load classes and types can be characterized as shown in Table 41.
The main ranking parameters are the acceptable duration of the power interruption and whether the load is part
of a personnel or accelerator safety system.

Machine loads are energised from the transmission network through the distribution network and do not have a
second source of supply. The general services loads typically accept power cuts between several minutes and several
hours, sufficiently long to commute to the second source or to wait until the main source is restored. In contrast, a
more robust supply is required for secured loads, they include personnel and machine safety equipment or systems
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Fig. 82 Functional scheme of the general services loads network and the double redundant uninterruptable loads network

that can sustain short power cuts up to a duration of 30 s. This is provided using three sources of supply. In a
degraded situation, the first level backup is provided by the diesel power station, which typically starts up within
10 s. If the diesel power station is unavailable, the second level back-up supply comes from the regional grid.
Finally, the most robust supply is provided to uninterruptable loads, which include personnel and machine safety
equipment or systems that require continuous and stable power supply. A specific distribution scheme is used,
the uninterruptable network scheme, which is composed of two redundant uninterruptable power supply (UPS)
systems supplied from the distribution network in the two adjacent points. Downstream of the redundant UPS
systems, a double redundant network delivers two independent sources, each coming from an adjacent point to the
end-user plug. Each piece of end-user equipment has two entries and will manage the double source of supply. To
meet safety and access requirements, UPS and batteries are located outside the tunnel and above ground. Figure 82
represents the functional scheme of the general services network and the double redundant uninterruptable loads
network.
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5.3 Cooling and ventilation

5.3.1 Introduction

This section is composed of two parts, the first detailing the piped utilities and the second outlining the ventilation
systems for the CLIC complex. Throughout this chapter we introduce cooling equipment that has been selected
according to the currently available heat loads. No safety margin has been applied to account for uncertainties,
possible upgrades, or extensions.

This document reflects the current study for which most of the details are given for the 380 GeV scenario.
Several uncertainties are yet to be clarified and some technical solutions will be revised as the project progresses
through the technical design stage; however, the main architecture of the infrastructure is defined and will not
change.

5.3.2 Piped utilities

Introduction The piping systems are mainly dedicated to the cooling of the accelerator equipment and the related
infrastructure such as power converters, electronic racks, cables, etc. In addition, specific systems are foreseen to
cover other general needs such as fire extinguishing plants, drainage and sump installations (for both surface and
underground areas) and compressed air. The main systems presented within this section are:

1. Industrial and demineralized water: for the cooling of accelerator equipment and infrastructure;

2. chilled water: for ventilation plants;

3. drinking water: for sanitary purposes and make up of industrial water circuits as well as production of dem-
ineralized water;

4. industrial water for firefighting systems;

5. waste water: reject and clear water from underground and surface premises;

6. compressed air.

Water cooling circuits The two main typologies of water cooling circuits are defined according to their working
temperatures: circuits cooled by cooling towers and working at temperatures higher than 27 °C and circuits using
chillers to produce water at 6 °C.

The cooling plants have been divided into four independent sectors considering the working parameters, thermal
loads and operability constraints. The sectors are as follows:

1. Drive-Beam Injector complex
2. Main-Linac tunnel

3. Experimental complex

4. Main-Beam Injector complex

The cooling towers for sectors 1, 3 and 4 are centralised at a single location set to minimise the distances to
the different premises requiring cooling. For sector 2, a set of cooling towers are located at the surface “odd” shaft
sites and will serve the two adjacent sectors via secondary circuits. For the 380 GeV machine, sector 2 will be
exclusively served by the cooling towers placed centrally, close to the interaction point on the Prévessin site.

Where possible, the cooling plants will be located on the surface for accessibility and to facilitate operation and
maintenance related activities.

In order to ensure the smooth running and operation of these systems and considering the accessibility conditions
mentioned above, the redundancy has been set to N+1 for electromechanical systems. It is not necessary to ensure
the same level of redundancy for the electrical cubicles and the control cubicles. In addition, a secured power
supply for the cooling plants is not planned: in case of power failure, all accelerator related equipment will stop
and therefore, will not require cooling.

Primary circuits The primary industrial water circuits, cooled by open wet cooling towers, are configured in closed
loops to minimise the water consumption. These circuits will be used to cool demineralised secondary circuits,
refrigerate chillers and direct expansion units.

Considering a tolerance of 0.5 °C, the design parameters are the following;:

1. Cooling tower inlet: 33 °C
2. Cooling tower outlet: 25 °C

Primary circuits will use raw industrial water and the make-up is made with drinking water; a continuous water
treatment against legionellae, scaling and proliferation of algae is foreseen.

Primary circuits are located at the surface. The only exceptions are the circuits connected to the underground
caverns, where the distribution systems serving the equipment are installed. For most cases, this distribution
system constitutes the secondary circuits.
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Table 42 Primary circuit specifications, Two-Beam Machine

Cooling Power Flow Rate
Sector Structure
MW m®/h
Drive Beam Injector U 3.1 335
Drive Beam Injector S 14.8 1595
1 Frequency Multiplication Circuit a) 3.2 350
Frequency Multiplication Circuit b), CR1 S, CR2 S and Transfer Line - CR2 16.8 1820
to J.P.
Chillers Refrigeration - Drive Beam Injector S/U, Frequency Multiplication 9.9 1070
Circuit 1, RF Distribution Circuit 1,2 and 3
Chillers Refrigeration - CR1 S, CR2 S, Frequency Multiplication Circuit 2, 1.8 200
3, 4 and Transfer Line - CR2 to J.P.
Accelerator - LINAC 18.8 2030
Main Tunnel (other equipment) 334 3600
Injection Hall and Transfer Lines - e* /e™, Loop, J.P to S.P (P&ID Circuit 5.9 640
B)
2/3 Detectors S 0.9 100
Detectors U 2.0 230
Chillers Refrigeration - Buildings IP 1.7 190
Chillers Refrigeration - Main tunnel 5.3 580
Chillers Refrigeration - Detectors Hall S/U, Injection Hall, Transfer Lines - 2.2 240
Loop and J.P. to S.P. (P&ID Circuit A)
Main Tunnel Purge 1.2 130
Main Beam Injector U 3.9 420
Main Beam Injector S 4.9 530
4 Booster S/U, Damping Ring e~ S/U, and Transfer Line - Booster to J.P. 11.2 1210
Pre Damping Ring S/U, Damping Ring e+ S/U 8.3 900
Chillers Refrigeration - Main Beam Injector S/U, Compton Ring S, Traget 2.4 260
Hall S
Chillers Refrigeration - Pre Damping Ring S/U, Damping Rings e™, e~ S/U, 4.4 480
Booster S/U and Transfer Line - Booster to J.P.
Total Cooling 156

Secondary circuits Considering a tolerance of 0,5 °C, the working parameters are:

1. Supply from the station: 27 °C
2. Heat exchanger inlet: 35 °C

Secondary circuits will generally use demineralised water with a maximum conductivity of 0.5 4S/cm in a closed
loop.

The demineralized water will partially be produced in a new central station for the entire complex. However,
given the long distances between the central area and the equipment, it will not be possible to have an automatic
refill pipework without degrading the quality of the water. Therefore, the refill can also be made by transporting
the required volume of water in tanks.

Tables 42 and 43, outline the main cooling circuits, the associated cooling powers and flow rates for each sector.

Chilled water circuits Chilled water is used in the cooling batteries of air-handling units to cool the air; the working
temperatures are:

1. Outlet from the station: 6 °C if dehumidification is required, if not: 12 °C
2. Return to the station: 12 °C if dehumidification is required, if not: 18 °C

Chilled water production plants are as close as possible to the air-handling units to which they are connected.
Smaller stations, that are closer to the equipment, are preferred over one single central station.
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Table 43 Secondary circuit specifications, Two-Beam Machine

Secondary Circuits, Demineralized Water

Cooling Power  Flow Rate
Sector  Structure

MW m?/h

Drive Beam Injector U 3.1 335

1 Drive Beam Injector S 14.8 1595
Frequency Multiplication Circuit a) 3.2 350
Frequency Multiplication Circuit b), CR1 S, CR2 S and Transfer Line - CR2 to J.P.  16.8 1820
Accelerator - LINAC 18.8 2030
Main Tunnel (other equipment) 33.4 3600

2/3 Injection Hall and Transfer Lines - et /e~ Loop, J.P to S.P 5.9 640
Detectors S 0.9 100
Detectors U 2.0 230
Main Beam Injector U 3.9 420

4 Main Beam Injector S 4.9 530
Pre Damping Ring S/U, Damping Ring e* S/U 8.3 900
Booster S/U, Damping Ring e~ S/U, and Transfer Line - Booster to J.P. 11.2 1210
Total Cooling 127

Most of the chillers will be water-cooled. Air-cooled chillers will only be employed if there are no cooling towers
in the vicinity.

Air-handling units are located at the surface and in the caverns; therefore, there are chilled water circuits located
in the main tunnels. The possibility of having direct expansion units instead of installing air-handling units is to
be studied in the future.

The redundancy level follows the same principle as the primary circuits.

The chilled water circuit specifications are provided in Table 44.

See Fig. 83 for the process and instrumentation diagrams (P&ID) concerning the cooling plants for sectors 2
and 3.

Drinking water Drinking water is used for sanitary purposes and as make-up water for the cooling towers. At the
central part of the accelerator and the injector complex it will be supplied via an extension of the existing drinking
water network at CERN, the local public network will supply all the other surface sites.

Firefighting water network A firefighting water network will be implemented in all underground and surface areas:
fire hydrants are foreseen at external areas, while flexible hoses are foreseen inside all premises.

These networks are to be connected to existing firefighting lines that are close to each surface point. For the
injector complex they are connected to CERN’s existing line.

Reject water Two separate networks, one for clear and one for sewage water will be installed in all underground
and surface areas; these networks will then be connected to the corresponding existing systems at each area or
surface Point.

At the release point in the surface, the pH and temperature of the rejected water will be monitored and
corresponding alarms installed; if the quality of the water does not comply with the required level, retention
basins or other measures will be taken to improve the quality before discharge.

Compressed air Compressed air production stations are foreseen on the surface, to serve both surface and under-
ground areas. Their number and location will depend on future needs; it is likely that it will be necessary to install
a station for the central area and another one for each surface point. An N+1 redundancy is foreseen for the air
compressors of each station.
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Table 44 Chilled water circuits specifications, Two-Beam Machine

Secondary Circuits, Demineralized Water

Sector Structure Cooling Power Flow Rate
MW m3/h

Drive Beam Circuit 1 2.0 340
Drive Beam Circuit 2 14 250
Drive Beam Circuit 3 1.4 250
Drive Beam Injector S and Frequency Multiplication Circuit 1 1.5 260

1 CR2 S, Frequency Multiplication Circuit 4 and Transfer Line - CR2 to J.P. 0.8 150
RF Power Distribution Circuit 1 0.5 80
RF Power Distribution Circuit 2 0.5 80
RF Power Distribution Circuit 3 0.5 80
CR1 S and Frequency Multiplication Circuits 2,3 0.6 100
Injection Hall, Transfer Line - Loop Circuit 1, J.P. to S.P. and e+ 0.7 120
Transfer Line - Loop Circuit 2 and e- 0.3 60

2/3 Detectors Hall U and Detectors Hall S 0.7 120
Main Tunnel 4.1 710
Buildings TP 1.3 240
Main Tunnel Purge 0.9 160
Main Beam S/U Circuit 1 0.8 150
Main Beam S/U Circuit 2 0.4 80
Main Beam S/U Circuit 3 0.4 80

4 Booster S/U and Transfer Line - Booster to J.P. 0.9 170
Damping Rings S/U and Pre Damping Rings S/U 2.4 420
Buildings Shaft 2 0.3 50
Buildings Shaft 3 0.3 50
Compton Ring S, Traget Hall S 0.2 30
Total Cooling 23

5.3.3 Heating, ventilation and air conditioning

Introduction The heating, ventilation and air conditioning plants are designed to:

Supply fresh air for personnel,

Filter the supply and exhaust air,

Sustain a given temperature and/or humidity in each area,
Extract smoke and gas if necessary,

Purge the tunnels if necessary.

G 0N

Indoor conditions Additional requirements for the temperature stability along the accelerator tunnel, operational,
energetic and economical aspects have been taken into account. However, a detailed study considering all these
points is still required.

The defined design ambient temperatures are:

1. Main-Linac tunnel, BDS, detector hall, caverns, dumps and turnarounds: 28 °C
2. Injectors, Booster, Damping rings, Transfer lines: 22 °C
3. Surface Buildings: 18 °C during winter, 25 °C during summer

The dew point is kept below 12 °C within the underground areas, no other regulation for the humidity is
foreseen.
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Table 45 Operational modes

ode Conditions
Run No access, machines running, maximum air recycling
Purge Before access where it is necessary, accelerator stopped, only fresh air
Shutdown Open access, accelerator stopped, fresh air supply for people

Fig. 84 Drive-Beam option, HVAC schematic

Extraction Ducts — Supply Ducts — Fire Doors

Table 46 Ventilation

infrastructure for the Structure Air-Handling Units
accelerator gallery,
Two-Beam Machine N° N° Cooling Power Flow Rate
— kW m®/h
Accelerator Gallery - LINAC side 1 6 190 100540
4 100 50270

The general outdoor conditions for the Geneva region, used to specify the air handling equipment, are 32 °C
dry bulb and 40% for RH during summer and —12 °C and 90% during winter. Free cooling and air recycling
principles will be adopted whenever possible.

Underground areas All underground areas are ventilated by air handling units located at the surface or in the
caverns; a redundancy level of N+1 is foreseen, where required, to allow constant operation of the accelerator in
case of a breakdown.

Smoke extraction shall be ensured by extraction units that are not equipped with filters to avoid clogging.

Operational modes A number of different modes are foreseen depending on the operating conditions. The fans
have variable speed drives in order to adjust to the different operating conditions (Table 45).

Accelerating gallery Two different ventilation systems are foreseen for the main tunnel according to the operational
mode of the accelerator:

e Shutdown and Purge mode: longitudinal ventilation is ensured by air handling units at the surface;
¢ Run mode: local cooling is ensured by units sited in the caverns, fresh air intake is not required.

During Shutdown and Purge mode, air handling units will supply air at a certain surface point and a second
unit will extract the air at the adjacent surface point. For higher energy stages (1.5 TeV and 3 TeV) air is then
recycled from the extraction unit to the supply unit of the adjacent point.

Additionally, it may be necessary to heat the air. For this propose, a heating coil is included in the air handling
units.

In Run Mode, air is treated by air handling units located inside the UTRAs and UTRCs; each of these units
are connected to ducts (supply and return) see Fig. 84. These units will be sized to absorb the heat loads in the
tunnel. Presently, these units are not redundant due to space issues.

The supply and return grills at each of the ducts are longitudinally offset to ensure a better air distribution
throughout the tunnel and to avoid bypass.

Table 46 shows the main parameters of the ventilation systems for the Two-Beam machine during run mode.
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Other underground areas The remaining underground areas will use different ventilation schemes depending on
heat loads, geometry and operational requirements.

The BDS is conditioned by air handling units placed at the surface, the detector hall and the experimental
caverns will be ventilated by units located on the surface, while the beam dump caverns and UTRAs are ventilated
by units installed within each structure. Ducts will provide proper air diffusion at these locations.

The Drive-Beam turnarounds are spatially close to the UTRAs and UTRCs. Hence, ducts will extend from an
AHU, in the caverns, to the turnarounds. Due to space constraints there will be no redundancy for the AHUs
serving the Drive-Beam turnarounds.

A longitudinal duct-free HVAC system is foreseen for the shallow underground tunnels: injectors, damping and
combiner rings and transfer lines. The air-handling units are placed at the surface, close to the shafts, and supply
the required ventilation.

The operational parameters for the underground areas are listed in Table 47, for the particular case of run
mode.

Surface buildings The surface buildings will be ventilated by dedicated air handling units where heat loads or the
size of the building requires it, several units shall be installed in the same building with each unit ventilating a
specific area. Smoke extraction shall be ensured by dedicated smoke extractors located on the roof.
The operational parameters for the ventilation of the surface buildings are listed in Table 48 for the run mode.
A simplified P&ID concerning the ventilation of the service cavern and adjacent areas is shown in Fig. 85

Safety Smoke extraction systems are present in all the facilities presenting a risk related to fire loads or, where it
is necessary to ensure the safety of personnel. In the event of a fire, the Fire Service will be able to switch off or
manually reconfigure the ventilation system.

The concrete module for the lift and staircase in the shafts giving access to UTRCs will be kept over-pressured
with respect to the surrounding underground areas thus allowing its use as a safe area in case of emergencies.

A pressure cascade is foreseen to prevent the migration of activated air from areas of high levels to areas with
low levels of activation.

5.4 Transport and installation

5.4.1 Overview

The transport and installation activities for the CLIC construction start from the unloading of components when
they arrive at the CERN site.

The most notable issue for transport and handling is the installation of the underground equipment. This section
will focus on the significant changes to the Two-Beam module design and briefly discussing the CDR proposals.
It is necessary to consider all the items that are to be transported and not only those that challenge the space
constraints within the tunnel.

5.4.2 Equipment to be transported

Below is a list of the key equipment that will need to be installed in the underground structures:

. RF modules

. Magnets

. Vacuum pipes

. Beam dumps

. Cooling and ventilation equipment
. Electrical cables and cable trays

. Racks

Transport and handling solutions for all standard equipment are the same as the ones defined in detail in the
CDR, it is therefore foreseen to use industrial off-the-shelf handling equipment. The most significant challenge for
transport and handling for the 380 GeV stage is the installation of the largest pieces of equipment, including, but
not limited to, accelerating structures, klystron modules and magnets.

The transport and installation operations include:

N O Ut W N~

1. Unloading and transportation within and between surface buildings for the purposes of assembly, testing and
storage.

2. Transportation to the shaft access sites where items will, either, be installed in surface buildings or lowered to
underground areas.

3. Transportation and installation throughout the tunnels and underground structures.
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Table 47 Ventilation infrastructure for the underground facilities, excluding the accelerator gallery and redundant units, for
Two-Beam machine

Air-Handling Units

Extraction Units

Sector  Structure Name N Cool. Power  Heat. Power N Flow Rate
kW kW m3/h
Drive Beam Injector U ! 700 900 3 90740
2 160 90
1 200 70 1 96720
! Frequ. Multip. U ! % 40 ! 18360
1 70 30 1 36270
1 250 240 1 60450
Transfer Line - CR2 to J.P. 1 160 170 1 67170
Transfer Line - J.P. to S.P. 1 230 40 1 134330
Transfer Line - Loop 2 120 40 2 68660
Transfer Line - e™ 1 130 120 0 0
Transfer Line - e~ 1 190 180 0 0
Detectors Hall U 1 350 460 1 64180
Main Beam Dumps 2 40 0
Drive Beam Dumps 8 10 0
Drive Beam Turnaround 8 20 0
UTRA 8 110 0
2/3 UTRC 2 110 0 2 56700
Caverns 1.3 and 1.4 2 110 0
Survey Cavern 2.1 and 3.1 2 0 0
Additional Caverns 2.2 and 3.2 2 170 0
Service Cavern 2 110 0 2 56700
BDS 4 130 0
Main Beam Turnaround e® /e~ and Tunnel BC2 et /e 2 40 0
BC2 Caverns 2 30 0
Tunnel Purge 2 470 470 2 60570
Lift Pressurized Area 3 0 0
Main Beam Injector U ! 230 090 3 68790
2 120 40
Booster U 2 110 20 3 60070
4 Transfer Line - Booster to J.P. 1 160 80 1 67170
Pre Damping Ring U 1 840 70 1 159190
Damping Rings e+ U 1 610 450 1 203960
Damping Rings e- U 1 350 80 1 203960

5.4.3 Surface

The capacities of the overhead travelling cranes are listed in Table 49.

5.4.4 Shafts

In the 380 GeV option three shafts provide underground access for the transportation of equipment. Considering
the distances between the shafts (approximately 5 km) it was decided that two 3 tonne lifts per shaft will be used,
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Table 48 Ventilation infrastructure for the surface buildings excluding redundant units, for Two-Beam machine

Air-Handling Units

Sector Structure Name N Cooling Power Heating Power
kW kW
Drive Beam Injector S 40 130 110
1 RF Power Distribution 3 450 450
CR1 S and CR2 S 8 110 10
Detectors Hall S 1 340 220
IP - Electricity 1 240 240
IP - Reception 1 40 40
IP - Workshop 1 70 70
IP - Service Office 1 180 180
2/3 IP - Control 1 100 100
IP - Cryo 4 140 140
IP - Survey 1 120 120
IP - Gaz 1 60 60
IP - Site Access Control 1 10 10
Injection Hall 2 110 20
Main Beam Injector S 9 100 20
Compton Ring 1 140 140
4 Target Halls (LINACs 1 and 2) 2 20 20
Booster S 6 100 10
Damping Rings e /e~ S and Pre Damping Ring S 6 110 20
Building Shaft 2 + 3 - Electricity 2 30 30
Building Shaft 2 + 3 - Workshop 2 70 70
Building Shaft 2 + 3 - Survey 2 10 10
Building Shaft 2 + 3 - Access Control 2 10 10
Building Shaft 2 + 3 - Shaft Access 2 160 160

as well as a handling opening (Fig. 87). This will significantly increase the rate of equipment transfer and provide
a much-needed redundancy in case of failure or emergencies.

5.4.5 Underground

The main challenges for transport and handling throughout the main tunnel and ancillary structures are described.
As the Drive Beam option has undergone only minor civil engineering upgrades, the most notable change between
the 3 TeV and 380 GeV study is the number of modules to be transported in the tunnel presented in Table 50.

A conceptual design produced for the CDR [55] of a combined trailer-crane vehicle unit was elaborated for
the transport and installation of modules and magnets to achieve the highest rates of installation compatible
with space, precision, interconnection and fragility constraints. In view of the narrow transport passage and the
distances to travel, the trailer-crane transport vehicles will be equipped with an automated guidance system. Each
vehicle will be able to simultaneously transport two modules for logistics reasons.

UTRCs are designed so that modules and other equipment can be taken from the lift and positioned close to
the transport and installation vehicle loading area, the loading of equipment is achieved by the vehicles’ own lifting
equipment or by the 10 tonne travelling crane installed in the UTRC. During the module installation phase it is
planned to use the whole UTRC gallery floor for transport activities.
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Table 49 List of crane . .
capacities Building Type Crane load capacity (tonnes)
Detector Assembly 2 x 80t + strand jacks (CMS approach)
Cooling Tower and Pump Station 3.2
Cooling and Ventilation 20
Cryogenic Warm compressor 20
Cryogenic Surface Cold Box 20
‘Workshop 10
Central Area Machine Cooling Towers 5
Shaft Access 20

Drive-Beam Injectors 5 x 5 (for 380 GeV)

5.4.6 Cost considerations

The greatest change in cost estimate for 380 GeV in comparison with 1.5 TeV comes from the reduction of the cost
of operation (generally manpower), lifts and cranes (number of shafts) which is directly related to the length of the
tunnel. As the installation rate is the same, based on the installation schedule, the number of special underground
vehicles and expenses related to them will stay the same.

5.5 Safety systems during operations

The scale and complexity of a major scientific facility such as CLIC requires detailed consideration of the impacts
that this could have on the health and safety of workers, visitors and those in the local community, as well as
on the sustainability of the local environment. Through identification of the hazards at the earliest possible stage
the risks can be mitigated by implementing appropriate control measures throughout the design process. Hazard
controls can be implemented using standard best practices, or if necessary by performance based design (empirical
methods or simulations, evaluated against key Health, Safety and Environment performance criteria). A hazard
register has been drawn up to categorise such hazards, and identify the measures needed to assure both personal
and process safety; this register will be kept live throughout the lifecycle of the project, to encompass changes and
add detail as it develops. No substantial additional hazards have been identified for the expansion to the 1.5 TeV
stage, with the same hazards as those for the 380 GeV Drive Beam option expected to apply.
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Table 50 Modules for the

380 GeV stage, Two Beam Type of equipment Number
machine
Modules 2,976
DB quadrupoles 5,952
MB Short quadrupoles 712
MB Long quadrupoles 436
Total 10,076

5.5.1 Mechanical hazards

No significant mechanical hazards have been identified beyond those expected for a comparable scientific or indus-
trial installation. Lifting and handling of large pieces of equipment must be considered, as well as the number of
motorised vehicles throughout the site, both during technical stops and operation. The limited number of cryogenic
components (i.e. the superconducting wiggler magnets and other superconducting components) may introduce oxy-
gen deficiency hazards, and a further risk assessment is to be made as part of detailed design to determine the
need for additional mitigation or compensatory measures. There will also be a danger of hot or cold surfaces due
to thermal inertia; the magnets and klystron HV tanks will be water cooled, and should therefore maintain a safe
surface temperature. All of these hazards can be mitigated through compliance with the applicable CERN Safety
Rules and use of European harmonised standards for design and fabrication.
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5.5.2 Chemical hazards

The klystrons for the Drive-Beam option will be located within the surface building, with each modulator assembly
being immersed in 1500 litres of oil, with the potential to use a lower flashpoint oil. The mitigation strategies will
consist of a retention basin for each HV tank, with sufficient capacity for the entire quantity of oil stored in the
tank. Coupled with this, an oil level detector shall be used to indicate any drop in level. As a further measure,
consideration shall be given to the potential leak path should oil be spilled outside of the retention basins.

Another chemical hazard to be considered is that of lead used in shielding, most particularly around the klystrons
for the shielding of X-rays. If embedded within the klystrons, care and appropriate personal protective equipment
(PPE) will be required when handling the lead plates. However, if separate plates or blocks are used care must be
taken so that the necessary procedures are followed for purchasing, shipping, storing and handling of the blocks
to limit the dangers of lead poisoning or exposure to activated materials.

5.5.3 Fire safety

The CDR [55] set out the fire strategy for the Drive Beam option to include the following measures:

e Limiting the probability of onset of fire, with fire compartments every 439 m in the main accelerator tunnels,

e Early fire detection and intervention,

o Safe evacuation of personnel,

o Limiting the propagation of fire and smoke along the facility, including hot smoke extraction in the main
accelerator tunnels.

These remain valid for the current design.

5.5.4 Environmental hazards

The environmental considerations are considerable, across a wide variety of environmental domains. A dedicated
Whole Life Cycle Assessment (WLCA) has been performed to evaluate the carbon footprint for the CLIC realiza-
tion and operation, with its impact on the environment. A separate paragraph is summarizing the most relevant
outcomes of the study. Besides this, important considerations identified include:

o The volume of soil that will need to be excavated (and relocated) for the tunnels and shafts; the presence of
natural hydrocarbons in the soil will also need to be taken into account,

o The use of surface cooling towers will require a study into the likely environmental impact and strategies (such
as the disposal of rejected water),

e The effect of the construction on the water table, natural aquifers, and natural protected areas,

e The effect of the extremely large electrical infrastructure that will need to be installed, including many kilometres
of electrical transmission cabling,

o Potential leakage of oil, and the dangers of this entering the surrounding environment or water sources,

 Identification and monitoring of ionising radiation effects on the surrounding environment,

e Greenhouse gas emissions from electrical, HVAC or detection equipment,

e Noise emissions of mobile or fixed sources,

e Electricity consumption.

A strategy for addressing these issues will be split across the project lifecycle phases. Initially, as part of
early detailed design, the project will review and determine any potential additional environmental and socio-
economic implications of those surface sites on the affected French and Swiss territories, and thus define any
required additional mitigation measures that will be needed. All measures shall be planned and taken to reduce
the environmental impact.

Once the general layout and site master plans are determined and following the indications of the WLCA,
the project shall make an independent Environmental Impact Assessment (EIA) to provide assurance that all
necessary measures to limit the impact of the project on the environment to an appropriate level have been taken.
This assessment shall be based on the requirements of the applicable Host State legislation, i.e. Ordonnance relative
d Uétude de Uimpact sur Uenvironnement (OEIE) and the Code de Uenvironnement, Livre I, Titre II, Chapitre IT
de la Partie Législative et Réglementaire.

Electrical hazards The electrical hazards present for this project are considered standard for such an installation,
but are nevertheless significant in their scale. Inside the tunnels there will be a number of high voltage systems,
including the klystrons, modulators and magnets. The HV oil tank will be in place to insulate the klystrons and
modulators, with pulse quality monitoring to identify any breakdown in the oil. NF C 18-510 compliant covers, and
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restriction of access to those with the appropriate electrical training, shall also be in place. An effective strategy
for the earthing system will also be required for areas of high voltage and power.

The supply infrastructure potentially represents a large number of hazards, from those frequently found at
CERN, such as uninterruptable power supplies, transformers and power converters, through to some more novel
challenges, such as the dangers of having high voltage and current supply cables close to workers during installation
and maintenance, and the need to have protected control systems across adjacent fire compartments. The CERN
Electrical Safety Rules shall be followed throughout the design process; where exceptions are required, this shall
be subject to an appropriate level of risk assessment to evaluate the residual risk, and determine the mitigation
strategies required.

Biological hazards The primary biological safety consideration identified for the project is the danger of Legionella
in the cooling water circuits, and most particularly in the cooling towers. This hazard can be mitigated by following
the regulations and standards for limiting the risk of Legionella bacteria and its dispersion in the atmosphere, and
practices already in place for CERN’s existing installations.

Non-ionising radiation hazards One significant hazard in this domain will be the Q-Switched, polarised laser,
operating at a mean power per pulse of 1.5 kW, which will be used in the e™ production target. This will likely be
a Class 4 laser, and the safety system will therefore need to meet the appropriate IEC required control measures; its
operation in the 780-880 nm wavelength range indicates a particular danger to eyesight, which shall be compensated
for accordingly and the appropriate interlock systems installed.

RF will also be a significant hazard throughout the accelerator. RF components purchased from industry are
required to be CE marked and to comply with the EU emission norms for industrial environments. RF equipment
built or installed at CERN shall be “leak-tight”, and tested against EU industrial norms for RF emissions in situ.
In case of an RF-related accident (for example the breaking of a waveguide), the mismatch in reflected power shall
be detected, and trigger a cut in the electrical supply.

One comparatively novel hazard for CLIC is the potential presence of high flux density permanent, or hybrid
magnets in the main accelerator. The extent of stray magnetic fields is not fully determined at this stage, but
having permanent strong magnetic fields would mean that access to affected areas must be denied to those with
pacemakers, and similar measures to those implemented in equivalent existing areas at CERN must apply, such
as the requirement for non-magnetic tools.

Workplace hazards Many standard industrial hazards will need to be considered for those working in the CLIC
tunnels and surface complexes. These include noise, lighting, air quality, and working in confined spaces, which
can be satisfied by following existing CERN Safety practices and the Host States’ regulations for workplaces.

The machine heat loads and the current design for the cooling and ventilation in the Main-Beam tunnel predict
an ambient temperature of 30-40 °C during beam operation, when there is no access. The ambient temperature
will therefore be important for access and work during both the short technical stops during the runs and the
longer annual technical stops. With acceptable cooling periods during short shutdowns still to be decided, an initial
guideline of 28 °C is recommended for manual work within the tunnels (across the full range of relative humidity
values) during extended access periods. At higher temperatures, where manual work is required, care must be
taken to monitor the condition of workers, ensuring reduced working time and increased rest and hydration in
proportion to any increased heat stress.

Structural safety All infrastructure shall be designed in accordance with the applicable Eurocodes to withstand
the expected loads during construction and operation, but shall also consider accidental actions, such as seismic
activity, fire, release of cryogens and the effect of radiation on the concrete matrix of the tunnels.

Access safety and control systems The CLIC access system is based on several protection layers comprising site
access, building access and personnel protection with dedicated access points to regulate the personnel access to
the supervised and controlled machine areas. Each access point has one or more personnel access booths and an
optional material booth. This ensures identification and biometric authentication thus regulating access at the
highest safety level required according to the operation modes which are managed remotely by the CCC. In the
machine tunnel, the safety is ensured by access or beam “Important Element for Safety (EIS)”. The access system
controls a number of independent beam zones divided into access sectors equipped with various safety elements.
These access sectors are important for patrolling the machine and to minimise radiation exposure. Three access
modes are foreseen; general, restricted with a safety token, and equipment test, these are automatically managed
by the Personnel Protection System (PPS) or controlled by a human operator, locally or remotely from the CCC.

Each beam zone has its own independent access conditions, the absence of beam in each beam zone is guaranteed
by at least two beam safety elements, with at least one passive element and one active element. These safety
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measures are activated and interlocked by the access system, and, the access status can make a zone unsafe for
operation with beam, or forbid access to the Machine if the status of a safety element is unsafe.

For this study, we have considered three protection layers: site, building and PPS for each of the five Main-Beam
areas of the CLIC infrastructure.

. Injector Linacs;

. Sub-surface accelerator complex;
. Transfer tunnels;

. Main-Beam tunnel;

. Experimental area.

U W N —

The access conditions for CLIC require further studies once the accessibility requirements of each machine
segment have been defined. Each of the four shafts are equipped with access points, at the surface and underground,
to regulate access from the shaft caverns to the main tunnel and experimental area. There are also several other
access points required to regulate access to each sector of the Machine.

5.6 Radiation protection

For the mitigation of risks associated with ionising radiation, the existing CERN radiation protection rules and
procedures are used. Risks resulting from ionising radiation must be analysed from a very early design phase
onwards and mitigation approaches must be developed. Design constraints will ensure that the doses received
by personnel working on the sites, as well as the public, will remain below regulatory limits under all operation
conditions. A reliable and continuously operating radiation monitoring system will therefore be an important part
of the system implementing risk control measures.

Radiation protection is concerned with two aspects: protection of personnel operating and maintaining the
installations and the potential radiological environmental impact. The potential radiological hazards to personnel
working on the site are classified by the following sources, particle beam operation, activated solids, liquids and
gases and parasitic X-ray emitters.

5.6.1 Particle beam operation

Radiation hazards will arise from the operation of the electron and positron beams. The direct exposure to stray
radiation is prevented by installing the high energy accelerator parts in a deep underground tunnel, which is
inaccessible during beam operation. The central injector complex, where beams operate at lower energies, is closer
to the surface and covered by about 5 m of shielding. Access shafts and ducts to the tunnels are located and
designed to effectively reduce the transmission of ionising radiation to acceptable levels in all accessible areas.

The radiation protection aspects remain unchanged with respect to the points addressed in the CDR [55]. For
both the Drive and Main Beams, an upper beam loss limit of 10™3 was determined. Monte Carlo simulations
demonstrated that even with this pessimistic beam loss scenario, residual dose rates in the range of 10-100u Sv/h
in the accelerator tunnel will allow hands-on maintenance after reasonable cool-down times.

5.6.2 Activated solids, liquids and gases

The residual dose rate levels from activation in the Main and Drive-Beam tunnels are of lesser concern [55].
The average dose rate levels will be relatively low in the uSv/h range or below, and compatible with standard
intervention procedures. Special attention needs to be paid to particular beam line elements and areas where beam
losses will be concentrated.

The activation of the positron production target and its surroundings must be studied in detail. The design
will need to take into account the potentially high activation of the target and the need for specific shielding and
target handling.

Further radiation protection studies are required on:

e Activation in the various bending structures,
e The Main-Beam collimation systems,
e The Drive-Beam PET structures.

Activation of beam line elements and the resulting needs for material optimisation and specific handling pro-
cedures may be a technical and engineering challenge, but, are considered to be feasible considering the existing
experience in the design of targets and collimators at CERN.

The beam dumps for the Drive and Main Beams require a careful technical design to contain and handle the
activated water. More detailed studies on the activation of the post-collision absorbers, intermediate and final
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dumps and their respective shielding are required. Initial studies of the Main-Beam dump indicate a considerable
activity inventory of several tens of TBq of Tritium after several years of operation [108], which nevertheless can
be technically handled.

The activation of water in the closed water cooling circuits needs to be evaluated in more detail. However,
given the low residual dose rates from the limited beam losses in the Main-Beam tunnel, water activation in these
circuits is not expected to be a major concern.

Air activation needs to be studied as it may be the major contributor to the radiological environmental impact.
A good design approach will foresee recycling modes for the ventilation systems during beam operation which will
effectively reduce the release of short-lived isotopes. Before access is granted, the tunnel air will need to be purged
after a short waiting time to avoid undue exposure of personnel during the interventions.

5.6.3 Parasitic X-ray emitters

Klystrons are strong parasitic X-ray emitters. The design of these devices must include shielding against the
generated X-rays so that they can be installed in areas accessible during their operation. Standard prescriptive
regulations are an effective control measure for this specific hazard.

6 Schedule, cost estimate, and power consumption

6.1 Construction and operation schedules

The construction schedules presented in this section are based on the same methodologies as those used for the
CLIC CDR [1]. Following input from equipment experts and the CERN civil engineering and infrastructure groups,
small adjustments were made to the construction and installation rates used for the schedule estimates. Details
about the various parameters used can be found in [5]. The installation is followed by hardware commissioning,
final alignment and commissioning with beam.

6.1.1 380 GeV schedule

The technically limited schedule for the first stage of CLIC stage at 380 GeV is shown in Fig. 88. It comprises the
following time-periods:

¢ Slightly more than five years for the excavation and tunnel lining, the installation of the tunnel infrastructures,
and the accelerator equipment transport and installation.

o Eight months for the system commissioning, followed by two months for final alignment.

e One year for the accelerator commissioning with beam.

In parallel, time and resources are allocated for the construction of the drive-beam surface building, the combiner
rings, damping rings, main-beam building and experimental areas, and their corresponding system installation and
commissioning, as shown in Fig. 88.

6.1.2 Schedules for the stages at higher energies and the complete project

The 380 GeV collider is designed to be extended to higher energies. Most of the construction and installation work
can be carried out in parallel with the data-taking at 380 GeV. However, it is estimated that a stop of two years
in accelerator operation is needed between two energy stages. This time is needed to make the connection between
the existing machine and its extensions, to reconfigure the modules used at the existing stage for their use at the
next stage, to modify the beam-delivery system, to commission the new equipment and to commission the entire
new accelerator complex with beam.

As the construction and installation of the 1.5 TeV extension cover a period of 4.5 years, the decision about the
next higher energy stage needs to be taken after ~4-5 years of data taking at the existing stage, based on physics
results available at that time. The corresponding schedule scenario is shown in Fig. 89 for the drive-beam based
scenario. A more detailed breakdown of the full technical project schedule can be found in [5].

In a schedule driven by technology and construction, the CLIC project would cover 29 years as shown in
Fig. 89 [5], counted from the start of construction. This schedule has a technically limited seven years of construction
and commissioning phase, which we increase to ten years to provide some contingency in the overall schedule
presented in Table 55. The suggested 22 years of CLIC data-taking include an interval of two years between the
stages.

@ Springer



6580 Eur. Phys. J. Spec. Top. (2026) 234:6473-6652

Fig. 88 The technically 380 Gev _
limited construction and
Commissioning schedule for Zone sector 3-1 sector 1-2 DB [CRYDR] MB[ Exp
the 380 GeV drive-beam Depth (m) : : areay
based CLIC facility. The Length (km)
vertical axis represents time : : :
in years. The abbreviations g; 5 5 g; g; :
are introduced in Fig. 1 L =5 g g =] 1 = g
Q4 [ 0] o4 Q4 |7
Ql | o ot Ql |5
Q2 | % il Q2 Q2 |4
2 Q3 | i a3 2 Q3 |4
Q4 |3 il o4 Q4 |17
Ql | o ot Qtl [
Q2 |3 i @2 Q2 |4
3 Q3 | i a3 3 Q3 |
Q4 5? 3? Q4 Q4 3‘3
Q| oA Q1 [
Q2 [ i Q2 Q2 [oifeseeee s
4 Q3 | i a3 4 Q3 |4
Q4 5? 3? Q4 Q4 3?
Ql | o Ql [
. Q2 |3 5| Q2 . Q2 |}
Q3 | i a3 Q3 |
Q4 i? 1 Q4 Q4 |1F
at Q1 Q1
Q2 Q2 Q2 | .]
6 | s 8 i 3 6 Q3 |3
Q4 3? 1 Q4 Q4 |17
[t a a
Q2 Q2 Q2
7 Q3 8 8 Q3 7 Q3 3
Q4 Jl? E Q4 Q4 Jl‘?
- Survey works Electrical installation and cabling "™ Tunnel excavation TBM Good rock
I Generalservices installation “+.. Machinetransport ~ <~ Innerlining
I cvinstallation works ~  Machine Installation [ commissioning period
7 years I 10 + 2 years I 10 years
380 GeV 1.5 TeV
Construction Construction
Installation Installation

b Reconfiguration

Year 0 5

Fig. 89 Technology and construction-driven CLIC schedule, showing the construction and commissioning period and two
stages for data taking. In the CLIC implementation planning the construction phase is increased to ten years to provide
some contingency in the overall schedule presented in Table 55. The time needed for reconfiguration (connection, hardware
commissioning) between the stages is also indicated and will be further refined based on the experience gained during the
initial stage installation and operation phases. The energy of the high-energy stage can be decided upon, and most of the
tunnel can be dug and equipped, while running the first energy stage

6.1.3 Concluding remarks on the construction schedule

The schedule for construction, installation and hardware commissioning shows that the initial 380 GeV stage of
CLIC can be completed in ten years from construction launch.

The most critical CLIC technology-specific items driving the schedule are the main-beam module production
and installation, as well as the RF units. The other schedule drivers, such as the tunnelling, the buildings, and the
infrastructures are more common, similar to other projects at CERN and elsewhere.
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6.2 Cost estimate

For the cost estimate of CLIC the methodology used is the same as for previous CLIC cost estimates and the
estimates of other projects, such as the LHC experiments and the Reference Design Report and Technical Design
Report of the International Linear Collider (ILC) [300, 301]. Previous CLIC cost estimates were reported in the
CLIC CDR [2] for two different implementation options at 500 GeV. The methodology and results were reviewed
by an international panel at that time.

An initial cost estimate for the first stage at 380 GeV was presented together with the introduction of the
corresponding CLIC energy staging scenario in [4]. Since then, many CLIC optimisation studies were undertaken
with a particular focus on cost reduction, for the 2018 Project Implementation Plan [5]. The resulting cost estimates,
as well as the methodologies and assumptions used were presented in November 2018 to a cost review panel
composed of international experts. After recommendations on minor issues by the review panel, the estimates
were updated accordingly.

For the 2024 value estimate, again a bottom-up approach is used, following the work breakdown structure of
the project, starting from unit costs and quantities for components, and then moving up to technical systems,
subdomains and domains. This allows accounting for all aspects of the production process and the application of
learning curves for large series. For some parts (e.g. standard systems), cost scaling from similar items is used,
implying that detailed knowledge on the work breakdown is not required, but rather estimators characterising
the component. When possible bench-marking has been made with other project studies at CERN, in many cases
costed by the same equipment groups.

The resulting estimated cost of the 380 GeV stage is presented, together with an estimate for upgrading to
higher energies.

6.2.1 Scope and method

CLIC is assumed to be a CERN-hosted project, constructed and operated within a collaborative framework with
participation and contributions from many international partners. Contributions from the partners are likely to
take different forms (e.g. in kind, in cash, in personnel, from different countries, in different currencies or accounting
systems). Therefore a “value and explicit labour” methodology is applied. The value of a component or system is
defined as the lowest reasonable estimate of the price of goods and services procured from industry on the world
market in adequate quality and quantity and satisfying the specifications. Value is expressed in a given currency at
a given time. Explicit labour is defined as the personnel provided for project construction by the central laboratory
and the collaborating institutes, expressed in Full Time Equivalent (FTE) years. It does not include personnel in
the industrial manufacturing premises, as this is included in the value estimate of the corresponding manufactured
components. The personnel in industrial service contracts that are part of the accelerator construction, outside
CERN or at CERN, are also accounted for in the value estimate of the corresponding items.

The basic value estimate concerns the construction of the 380 GeV CLIC stage on a site close to CERN, where
the 380 GeV stage of CLIC constitutes a project in itself. As a consequence, large-series effects expected on unit
costs — learning curves and quantity rebates — remain limited to the quantities required for the completion of the
380 GeV stage. The corresponding incremental value for upgrading to higher energies is given.

The value estimates given cover the project construction phase, from approval to start of commissioning with
beam. They include all the domains of the CLIC complex from injectors to beam dumps, together with the
corresponding civil engineering and infrastructures. Items such as specific tooling required for the production of
the components, reception tests and pre-conditioning of the components, and commissioning (without beam) of
the technical systems, are included. On the other hand, items such as R&D, prototyping and pre-industrialisation
costs, acquisition of land and underground rights-of-way, computing, and general laboratory infrastructures and
services (e.g. offices, administration, purchasing and human resources management) are excluded. Spare parts are
accounted for in the operations budget. The value estimate of procured items excludes VAT, duties and similar
charges, taking into account the fiscal exemptions granted to CERN as an Intergovernmental Organisation.

As mentioned the CLIC cost estimate and the adopted methodology were already reviewed a first time in
2012, at the time of the CDR, by a panel of international experts chaired by Lyn Evans, and later in 2018, in
preparation of the PIP, by a smaller panel of external reviewers, who focused their attention on the 380 GeV stage.
The method followed for the 2024 cost update is based on the analysis of the work breakdown structure similarly
as in 2018. The approach consisted primarily in the identification of major cost drivers and areas of the machine
where significant changes in the design were produced or where a more accurate costing could be obtained with
respect to the previous exercise.

The motivation for a deeper cost update for some cost elements and the methodology followed are summarized
in the following list:
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e Main Beam production: a new design was produced for the Main Beam injectors and the Damping Rings.
An important reduction of the energy consumption is now realized in the injectors, with new and optimized
accelerating structures. The cost review could benefit from the accurate study produced by PSI for the proposal
of the injector complex for the FCC and the cost values that were entered here have been provided by industrial
suppliers. The re-design of the CLIC Damping Rings was suggested by the considerable progress observed in
recent years with the lattice design of light sources, with the additional motivation of introducing a supercon-
ducting RF system to drastically reduce the thermal losses. In this case the cost of the RF system could benefit
from the analysis work produced by the CERN RF Group that was also used for the FCC costing while the
cost of magnets was built on the figures developed in 2018 [279] and escalated to 2024 following the increase of
the Swiss price index for import and industrial production equal to 5% [302].

e Drive Beam production: also in the case of the Drive Beam injector, the possibility to reduce the overall energy
consumption together with the availability of more powerful klystrons led to the design of a more efficient
accelerating structure with respect to 2018, which allowed for a reduction in the number of RF systems. The
cost of klystrons and modulators was increased by 20% to take the cost associated to the power increase into
account. The costs of these items use a common methodology for CERN studies and projects. The cost of
accelerating structures was increased by 10% to account for the length increase.

o Two-Beam accelerator: in 2018 the analysis of cost was based on the CDR estimate produced in 2012, with the
cost for the production of the RF structures for the main beam accelerator (SAS) and those for the RF power
transfer (PETS) that was updated to the most recent experience with the fabrication of prototype structures.
Mild learning curves were applied to the small series cost and the average resulting cost was benchmarked
to values that resulted from the study that had been performed for the CDR in collaboration with industry
[303]. Initial values for 2024 were obtained from reviewed 2018 estimates that were escalated to the 2024 cost
index, following the increase of the Swiss price index for import and industrial production equal to 5% [302]. In
this report, very conservative learning curves were adopted for accelerating cavities and PETS, with a learning
factor at 0.94.

The cost of power converters and cabling for the Main Beam and Drive Beam quads was also updated and
documented [304].

o Beam Delivery System(s) (BDS): The complete reorganization of the interaction region, to make space for two
experiments that may take data at the same time, has produced two new beam delivery systems that maintain
the magnet design adopted in 2018, for which a fabrication cost was provided at the time. As for all magnets,
which are all of the warm kind, their cost was calculated on the basis of a rather detailed design that produced
realistic cost figures. The 2018 cost for magnets has been escalated to 2024.

o Beam Instrumentation: the value of the different beam instrumentation devices was re-evaluated, by considering
recent information from industry and direct experience with recent purchase orders in the frame of the HL-LHC
and LHC Injectors Upgrade (LIU). The requirements for signal transmission were included whenever they were
not already present. The complete need of instrumentation was reviewed across the whole complex and aligned
to the criteria expressed for other CERN projects.

o Civil Engineering: due to the general reorganization of the CLIC complex layout, an updated design for the
Civil Engineering realizations was produced. The cost estimate has been built from scratch by following the
methods that were already in place at the time of the Project Implementation Plan, in 2018, and by sharing
the approach and the assumptions adopted for the LCFQCERN and also to FCC when possible.

¢ Electrical and Cooling and Ventilation Systems: Both systems have been impacted by the new high efficiency
injector complex on the one side and by the increased duty cycle at 380 GeV for the two detector operation on
the other side. A review of the 2018 design and costing was necessary, based on the existing architecture. The
new cost estimate benefits from the data collection of recent estimates performed for other projects and from
revisited quantities.

The uncertainty objective for the final estimate is +25%. To this aim, uncertainties on individual items are
grouped in two categories. The first one, technical uncertainty, relates to technological maturity and likelihood
of evolution in design or configuration. The second category, commercial uncertainty, relates to uncertainty in
commercial procurement. Based on a statistical analysis of LHC procurements this uncertainty is estimated as
50%/n, where n is the number of expected valid bids for each component [305].

The CLIC value estimates are expressed in Swiss franc (CHF) of December 2024, with a EURO/CHF exchange
rate of 0.94.

6.2.2 Value estimates and cost drivers

The breakdown of the resulting cost estimate up to the sub-domain level is presented in Table 51 for the 100 Hz,
double BDS-version of the 380 GeV stage of the accelerator complex. Figure 90 illustrates the sharing of cost
between different parts of the accelerator complex. The injectors for the main-beam and drive-beam production
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Table 51 Cost breakdown for the 380 GeV stage of the CLIC accelerator
Domain Sub-Domain Cost [MCHF]
Injectors 168
Main-Beam Production Damping Rings 386
Beam Transport 492
Inject
Drive-Beam Production fectors 560
Frequency Multiplication and Beam Transport 500
Main Li Modul 21
Main Linac Modules an Liac Moduies 33
Post decelerators 46
Beam Delivery Systems 172
Beam Delivery and Post Collision Lines Final focus, Exp. Area 20
Post-collision lines/dumps 100
. . . Surface installations 367
Civil Engineering
Underground structures 936
Electrical distribution 265
d Ali t 204
Infrastructure and Services Survey an ignmen 0
Cooling and ventilation 562
Transport / installation 62
Safety systems 76
Machine Control Infrastruct 153
Machine Control, Protection and Safety systems achine Lonrol tntrastructure
Machine Protection 15
Access Safety & Control System 24
Total (rounded) 7240

Fig. 90 Cost breakdown for
the 100 Hz 380 GeV stage of
the CLIC accelerator, with a
dual beam-delivery system
and two interaction regions.
The total cost is 7240 MCHF

Cost share 380 GeV

oy

= Main Beam Production

= Drive Beam Production

= Main Linac Modules

m Beam Delivery and Post-Collision Lines
m Civil Engineering

= Infrastructure and Services

® Machine Control, Protection and Safety
Systems

are among the most expensive parts of the project, together with the main linac, and the civil engineering and
services. A very preliminary estimate of costs, based on scaling from other CERN projects and studies and referring
to the treatment of excavated materials, would add 1.0-1.5% to the total cost.

Combining the estimated technical uncertainties yields a total (10) error of 1561 MCHF for the drive-beam
based facility. In addition, the commercial uncertainties, defined above, need to be included. They amount to
910 MCHF. The total uncertainty is obtained by adding technical and commercial uncertainties in quadrature.
Finally, for the estimated error band around the cost estimate, the resulting total uncertainty is used on the
positive side, while only the technical uncertainty is used on the negative side [2]. The cost estimate for the first
stage of CLIC including a 1o overall uncertainty is therefore:

CLIC 380 GeV, 100 Hz, two interaction regions: 72404_'%221 MCHF.
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The 250 GeV configuration will cost around 10% less than the 380 GeV complex, by making the assumption that
it would adopt the same civil engineering and technical infrastructure as the 380 GeV stage. The only difference
between the two energy stages would be that fewer RF modules would be installed in the Main Linac tunnel for
the 250 GeV stage and a reduction of the drive beam energy would be possible.

The increase of cost to go from 380 GeV to 550 GeV is 30%, since it would require an extension of the Main
Linac tunnel and additional modules.

The cost composition and values of the 1.5 TeV configuration has also been estimated in some detail. The
energy upgrade from 380 GeV to 1.5 TeV has an estimated cost of ~7.1 billion CHF, including the upgrade of the
drive-beam RF power needed for the 1.5 TeV stage.

The CLIC technical cost drivers have been identified, together with potential cost mitigation alternatives. These
will be addressed in the next phase of the CLIC project as discussed in Sect. 7. In general, further cost reduction
studies will require close collaboration with industry. Beyond technical developments, optimal purchase models
need to be defined, optimising the allocation of risks and production responsibilities between industry, CERN and
collaboration partners in each case. In particular, the module production and RF units are important cost drivers
where further industrial studies and validation will be important.

6.2.3 Labour estimates

A first estimate of the explicit labour needed for construction of the CLIC accelerator complex was obtained for
the CLIC CDR in 2013 [2] by assuming a fixed ratio between personnel and material expenditure for projects of
similar nature and size. Scaling with respect to the LHC - a CERN-hosted collider project of similar size to CLIC
- provides a good estimator. Data from the LHC indicate that some 7000 FTE-years were needed for construction,
for a material cost of 3690 MCHF (December 2010), corresponding to about 1.9 FTE-year/MCHF. About 40%
of this labour was scientific and engineering personnel, and the remaining 60% worked on technical and project
execution tasks. In the ILC TDR in 2013 a bottom up estimate made for ILC yielded 1.8 FTE-year/MCHF. In
terms of complexity, the different CLIC sub-systems resemble the LHC and ILC cases. Although the RF technology
differs between ILC and CLIC, the main elements of the accelerator complex are similar in the two projects.

The Snowmass 2021 Collider Implementation Task Force [306] built further on this methodology, considered
estimates from several other projects, and proposed a more general formula:

Euxplicit Labour = 15.7 - (Value)® "™, (@)

with Explicit Labour in FTE-years and Value in MCHF of 2010. Civil Engineering Costs are not included in the
Value. Applying the formula above yields approximately 10500 FTEy of explicit labour. An important part of
these could be covered outside CERN, for in-kind deliverables.

6.2.4 Operation costs; replacements, energy and personnel

A preliminary estimate of the CLIC accelerator operation cost, with focus on the most relevant elements, is
presented here. The material cost for operation is approximated by classifying construction items into:

o Fixed accelerator installations, taken to be the total costs for modules, magnets, etc

e “Consumables”, taken to be the costs for RF power equipment, magnet power supplies, etc

e Technical infrastructure, taken to be the costs for infrastructure such as cooling and ventilation, electric power
infrastructure, installation equipment, etc

and assuming a replacement and maintenance cost per year of 1% / 3% / 5%, respectively, of the corresponding
capital expense.

An important ingredient of the operation cost is the CLIC power consumption and the corresponding energy
cost. With an energy consumption at 0.82 TWh for 380 GeV and a price of 80 CHF / MWh the energy costs
will be 66 MCHF annually, increasing to 112 MCHF at 1.5 TeV for 1.40 TWh. The expected energy consumption
of the 380 GeV CLIC accelerator, operating at nominal luminosity, corresponds to 2/3 of CERN’s total energy
consumption today.

Concerning personnel needed for the operation of CLIC, one can assume efforts that are similar to large ac-
celerator facilities operating today. Much experience was gained with operating Free Electron Laser linacs and
light-sources with similar technologies. The maintenance programme for equipment in the klystron galleries is de-
manding, but is not expected to impact strongly on the overall personnel required for operation. The RF systems,
injectors and drivebeam, are above ground concentrated in a small area at the CERN Prévessin site. The ILC
project has made a detailed estimate of the personnel needed to operate ILC, yielding 640 FTE for 250 GeV and
850 FTE for 500 GeV. Such numbers are also in line with LHC experience, assuming personnel costs to be similar
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Fig. 91 Breakdown of power consumption between different domains of the CLIC accelerator in MW, at a centre-of-mass
energy of 380 GeV. For the 100 Hz baseline machine, with two interaction regions, the contributions add up to a total of
166 MW. For the 50 Hz machine, with one interaction region, the contributions add up to 105 MW

Fig. 92 Breakdown of power 1500 GeV, 1 IR, 50Hz: 287 MW
consumption at a
centre-of-mass energy of
1.5 TeV. For the 50 Hz
machine, with one
interaction region, the
contributions add up to
287 MW
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to hardware maintenance costs, and estimating an average cost of 210k per FTEy. In the framework of CERN,
these numbers would distribute across scientific/engineering/technical staff, technical service contracts, fellows
and administrative staff. The level of CLIC annual operational personnel support required is thus expected to be
around 650 FTEy for CLIC 380 GeV.

Given the considerations listed above, one can conclude that operating CLIC is well within the resources deployed
for operation at CERN today. Operating CLIC concurrently with other programmes at CERN is also technically
possible. This includes LHC, as both accelerator complexes are independent. Building CLIC is not destructive
with respect to the existing CERN accelerator complex. Electrical grid connections are also independent. However,
important limitations would arise from availability of resources, in particular personnel, maintenance costs and
overall energy consumption.

6.3 Power and energy consumption

The nominal power consumption at the 380 GeV stage has been estimated based on the detailed CLIC work
breakdown structure. This yields, for the 100 Hz baseline option at 380 GeV with two interaction regions, a total
of 166 MW for all accelerator systems and services, taking into account network losses for transformation and
distribution on site. For the 50 Hz reduced power machine, assuming one interaction region, the total is 105 MW.
The breakdown per domain in the CLIC complex (including experimental area and detector [307]) and per technical
system is shown in Fig. 91. The equivalent analysis at 1.5 TeV yields 287 MW running at 50 Hz. Most of the power
is used in the drive-beam and main-beam injector complexes, comparatively little in the main linacs. Among the
technical systems, the RF represents the major consumer.

These numbers are significantly reduced over the last five years [5] due to the optimisation of the injectors
for 380 GeV, introducing optimised accelerating structures for this energy stage, significantly improving the RF
efficiency for all systems, and consistently using the expected operational values instead of the full equipment
capacity in the estimates. Notably, re-design (2020-2021) of the damping ring RF systems, and the introduction
of higher efficiency L-band klystrons (discussed in Sect. 4.4.2), have brought significant reductions.

The reductions have also been applied to the 1.5 TeV stage, see Fig. 92, operating at 50 Hz.
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Table 52 Estimated power

consumption of CLIC at the Collision energy [GeV] Running [MW] Short [MW] Off  MW]
two centre-of-mass energy
stages and for different 380 50 Hz 105 17 10
operation modes 380 100 Hz 166 17 10

1500 50 Hz 287 33 13

Fig. 93 Operation schedule in a “normal” year (days/year)

M Annual shutdown
Commissioning
139 Technical stops
M Machine development
Fault induced stops

Data taking

46

Table 53 Estimated annual energy consumption of CLIC, for 380 GeV and 1.5 TeV, when the machine is running at full
luminosity, using the running scenario shown in Fig. 93

Collision energy [GeV] Annual Energy Consumption [TWh]
380 50 Hz 0.54
380 100 Hz 0.82
1500 50 Hz 1.40

The first years at each stage the energy consumption will be less due to ramp up of the luminosity as described above.

Table 52 shows the nominal power consumption in three different operation modes of CLIC, including the “run-
ning” mode at the different energy stages, as well as the residual values for two operational modes corresponding
to short (“short”) and long (“off”) beam interruptions. Intermediate power consumption modes exist, for example
when a part of the complex is being tested, or during transitional states as waiting for beam with RF on. The
contribution of these transitional states to the annual energy consumption is dealt with by averaging between
“running” and “short” for certain periods, as described below.

6.3.1 Energy consumption

Estimating the yearly energy consumption from the power numbers requires an operational scenario, which is
detailed in [18] and depicted in Fig. 93. In any “normal” year, i.e. once CLIC has been fully commissioned,
the scenario assumes 120 days of annual shutdown, 30 days for beam-commissioning, and 30 days of scheduled
maintenance, including machine development and technical stops (typically 1 day per week, or 2 days every second
week). This leaves 185 days of operation for physics, for which 75% availability is assumed, i.e. 46 days of fault-
induced stops. This results in 139 days, or 1.2 x 107 seconds, per year for physics data taking.

In terms of energy consumption the accelerator is assumed to be “off” for 120 days and “running” for 139 days.
The power consumption during the remaining time, covering commissioning, technical stops, machine development
and fault-induced stops is taken into account by estimating a 50/50 split between “running” and “short”.

The resulting electrical energy consumption is shown in Table 53. For comparison, CERN’s current energy
consumption is approximately 1.2 TWh per year, of which the accelerator complex uses around 90%.

In addition, one has to take reduced operation into account in the first years at each energy stage to allow
systematic tuning up of all parts of the accelerator complex. A luminosity ramp-up of three years (10%, 30%, 60%)
in the first stage and two years (25%, 75%) in subsequent CLIC stages is considered. For the energy consumption
estimate we change the corresponding reduction in “running” time to a 50/50 mixture of the two states mentioned
above, resulting in a corresponding energy consumption ramp-up.
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6.3.2 Summary of power reduction studies

Since the CDR [1] in 2012 the CLIC collaboration has systematically explored power reduction and technical
system optimisation across the complex. The main contributors to the reduced estimate were:

e The accelerating structures were optimised for 380 GeV and corresponding luminosity, impacting among others
on RF power needs and the machine length. The optimisation was done for cost but it was also shown that
cost and power are strongly correlated.

o High efficiency klystron studies have reached a maturity such that 82% efficiency can be taken as the baseline
for the drive-beam L-band klystrons.

e Redesigning the RF system of the damping rings, reducing the influence of transient loading effects, which
earlier was dealt with by using a very high peak power. This in turn led to excessive power use.

e The injector systems and drive-beam facility were optimised to the 380 GeV parameters taking into account
R&D on various technical systems, for example reducing the number of drive-beam klystrons to around 60% of
earlier designs.

e Permanent magnets can partly replace electromagnets. Such a reduction is however not included in the estimates
above.

e Nominal settings of RF systems, magnets and cooling have consistently been used, analysing the power con-
sumption when running at full luminosity. This replaces earlier estimates which, in some cases, were based on
maximum equipment capacity.

6.3.3 Adaptive energy-price optimisation

CLIC is a normal-conducting accelerator running at room temperature. Turning it on/off or into intermediate
power states can, with appropriate thermo-mechanical considerations, be done relatively quickly. This means that
CLIC could possibly be operated as a “Peak Shaving Facility” for the electrical network, matching not only
seasonal, but also daily fluctuations of the demand. This particular feature constitutes a strong asset towards
optimal energy management, a necessary approach in view of the large values of power consumption of the CLIC
complex during nominal operation, in particular for the higher-energy stages. Furthermore, given the societal move
towards renewable energies and the increased focus on energy recovery measures for any future facility, studies
were launched addressing the following three issues: energy management and costs, operating with a large part of
the power from renewable sources, and possible energy recovery measures. All of these issues require much more
work in the next phase of the project, but a brief summary of the results obtained in initial case-studies [308]
based on CLIC 380 GeV specifications is provided in the following three paragraphs.

Cost reductions have been studied by optimising the CLIC running schedule, at a daily, weekly and yearly level.
With the flexibility of the accelerator to go from one mode to another quickly it is possible to avoid the high-cost
periods. In order to minimize energy costs, optimization of operational strategies for the accelerator to achieve a
fixed integrated luminosity per year have been investigated. For these investigations, the operation states of CLIC
were described by a finite state machine (FSM). The general approach was to develop an operation strategy by
dynamically shifting the operation states with high power demand to time slots with low energy prices. Three
different operating strategies were developed, which generate optimized operating schedules for CLIC. Daily and
Weekly Scheduling optimize the distribution of the various operation states of CLIC over the respective period
using fixed state sequences with variable durations. Dynamic Scheduling distributes all operating states over the
whole year without using predefined sequences, which leads to a high flexibility. The investigations are mainly
based on the energy price curve for 2020 from the European energy spot market (EPEX SPOT) and a forecast for
2030 covering much more renewable energies. In addition, numerous boundary conditions and the requirement to
reach a fixed integrated luminosity were considered. Figure 94 shows the main investigation results for the study.
The best-/worst-case analysis provides the theoretical range of energy operation costs. The central value of the
range should be considered to be a best estimate. Best-/worst-case restricted can be reached by avoiding the cold
months with high energy prices and results already in a reduction of almost two thirds of the total energy cost
savings. Furthermore, more than one third of the savings is attained by using optimized operational strategies. The
simulation results for three different schedulers show similar cost distributions. Regarding the price curve of 2020,
the minimal attainable total energy costs are 31 million EUR for Daily/Weekly Scheduling and 32 million EUR
for Dynamic Scheduling. For the forecast of 2030, the lowest reachable energy price is even lower due to the higher
fluctuation of the energy price. The actual running scenario, as well as prices and flexibility obtainable in future
energy contract for CERN are very uncertain for the time period in question, but the possibility to adjust the
running scenario and hence power consumption of CLIC to take advantage of low cost periods also outside the
winter shut-downs seems worth pursuing.

Given the flexibility on running and power consumption, it is also interesting to consider how effectively the
accelerator can be powered by renewable energies. First of all, it is likely that the overall energy landscape in
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Fig. 94 Relative energy cost by no scheduling, avoiding the winter months (restricted), daily, weekly and dynamic scheduling.
As explained in the text the central values of the ranges shown should be considered the best estimates. The absolute cost scale
will depend on prices, contracts and detailed assumption about running times, but the relative cost differences indicate that
significant cost-reductions could be achieved by optimising the running schedule of CLIC to avoid high energy cost periods,
also outside the winter shut-down periods. (image credit: Fraunhofer)

Europe will shift over the next decades towards renewables, secondly the investment costs of such power sources
are decreasing so one can consider moving investments in energy production into the construction costs, hence
lowering the operation costs. By installing a portfolio of different renewable generators (different technologies, like
wind and photovoltaic (PV), or different types of installations, like photovoltaic modules orientated into different
directions) it becomes possible to partly level out the individual fluctuations of single generators in the aggregated
generation curve. Combining the flexibility of the CLIC accelerator with this generation curve can increase the
level of self-sufficiency. While it is possible to fully supply the annual electricity demand of CLIC by installing local
wind and PV generators (this could be e.g. achieved by 330 MW-peak PV and 220 MW-peak wind generators, at
a cost of slightly more than 10% of the CLIC 380 GeV cost), self-sufficiency during all times cannot be reached and
only 54% of the time CLIC could run independently from public electricity supply with the portfolio simulated.
About 1/3 of the generated PV and wind energy will be available to export to the public grid even after adjusting
the load schedule of CLIC. Because of the correlation between electricity price and (national) generation from wind
and PV, own local generators can generally not step in during times of high energy prize. Large storage systems
are still too expensive to shift power accordingly. Installing such large renewable power plants is a process of some
years, so energy would not be available on short term. Besides the direct investment in the generation technology,
many aspects of standards, regulations, land-use, landscape-protection etc. would have to be considered. One
alternative to own renewable power plants could be the participation in projects of other investors to build large
renewable power plants. Yet financial advantages from local own consumption (like lower grid fees) would get lost
in that case. The conclusion is that on a medium to long-term time scale local renewable generation could cover
a fraction of the total load, but self-sufficiency of CLIC based on local renewables is not a realistic scenario.

Waste heat recovery also constitutes an interesting option in view of the large power rejected into water from
CLIC. However, the use of waste heat to generate electricity is technically difficult due to the low temperature
of the waste heat. The heat would have to be raised to a significantly higher level and more electricity would be
consumed than can be generated again in the later process. A reasonable option is to use the waste heat to provide
space heating. Also for this option, the temperature must be raised via a heat pump and thus additional electricity
must be used. Another possibility would be the research of further innovative concepts for the use of waste heat
with very low temperature (for example very low temperature ORCs, thermoelectric generators or the storage of
heat in zeolites). The fact that the maximum energy need locally is during the winter, when it is favourable for
energy cost reasons to not run the accelerator, also makes is more difficult today to envisage efficient large-scale
energy recovery strategies.

6.4 Life cycle assessment studies for CLIC

The challenge of establishing a sustainable future accelerator facility demands more than “just” reducing opera-
tional power and energy consumption, and adapting to low-carbon power sources. It requires a direct quantification
of the ecological footprint from start to end, from the emission of greenhouse gases during construction or operation,
to the use of “problematic or rare” materials or energy consuming production processes.

A complete Life Cycle Assessment (LCA) emerges as a much more comprehensive approach, including a much-
extended timeline and metric for assessing impacts. A Life Cycle Assessment is a structured, comprehensive and
internationally standardised method to quantify all relevant emissions and resources consumed and the related
environmental and health impacts and resource depletion issues that are associated with any goods or services.
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Table 54 Data on GWP for the CLIC project

CLIC Stage 1 Stage 2 Reduce by 2040-50
CoM energy [GeV] 380 1500

Luminosity /TP [10%* cm™%s™") 2.3 3.7

Number of IPs 2 1

Operation time for physics/yr [107 s/yr] 1.2

Integrated luminosity/yr [1/fb/yr] 540 444

Host countries France and Switzerland

GHG emissions from construction, stage A1-A3

Subsurface structures [kt CO2 eq.] 286 199 40-50%
Surface sites constructions [kt CO2 eq.] 118 0 40-50%
Accelerator (coll.) [kt CO2 eq.] 60 ~125 25%
Accelerator (drivebeam and inj.) [kt CO2 eq.] 80 ~10 25%
Services [kt CO2 eq.] 19 ~20 25%
Two detectors [kt CO2 eq.] 94 upgrades 25%
Total [kt CO2 eq.]

Collider tunnel length [km)] 11.5 29.1

Collider tunnel diameter [m] 5.6

Collider tunnel GWP/m [t CO2 eq/m] 8.1

Concrete GWP [kg CO2 eq./kg] 0.16

Accelerator GWP/m [t CO2 eq./m] Not estimated

GHG emissions from operation

Maximum power in operation [MW] 166 287

Average power in operation [MW]

Electricity consumption / yr [TWh/yr] 0.82 1.40

Years of operation 10 10

Carbon intensity of electricity [g CO2 eq./kWh] 16 Estimate for 2050
Average Scope 2 emissions / yr [kt CO2 eq.] 13 22 Estimate for 2050

These numbers are based on the reports mentioned above and will be further developed. Stage 2 is the delta for the upgrade
based on the increase needed of the relevant components. All numbers are today’s values, except the carbon intensity of
electricity for operation. The last column indicates reduction potentials.

LCAs bring into focus the impact of the construction, primarily from embedded carbon in materials, the
upgrades and the decommissioning, and includes many more parameters than CO, emission, such as water con-
sumption, radioactive materials and more. The summary below has nevertheless been limited to Global Warming
Potential (GWP) measured as kg CO3 eq. emissions.

The ILC and CLIC projects have commissioned two lifecycle assessment (LCA) studies with ARUP, a con-
sultancy company [309, 310]. In 2023 a comprehensive LCA was made for ILC in Japan and CLIC at CERN,
commissioned by the CERN SCE department. The study focused on the civil engineering aspects, i.e. of the
construction of tunnels, caverns and shafts. A second study was made 2024-2025 addressing the accelerator com-
ponents, infrastructure and also providing complementary information to the civil engineering study performed in
2023. These lifecycle assessments form the basis for the Green House Gas (GHG) emission numbers summarised
below, and also in Table 54:

o “Cradle to gate analysis” (LCA Al to A5 modules) focussing on GHG emissions and therefore expressed in g
CO3 eq. (or multiples of) for:
— civil engineering;
— hardware components and infrastructure for the accelerator complex;
— detectors.
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o The Global Warming Potential (GWP) emission due to the generation of the electricity required for the oper-
ation of the accelerator complex (main collider and injectors).

Although the above list is not exhaustive, it provides an indicative assessment of the relative impact of con-
struction and operation of the accelerator. In 54 several parameters are still being estimated but some conclusions
can be made:

e For CLIC the embodied carbon in materials used for civil engineering and accelerator components is significantly
larger (by a factor 3-4) than the emissions due to 10 years of operation. This factor will become smaller when
the reductions possible for 2040 for the embodied carbon have been analysed and validated in more detail.

e The surface installations, drive-beam & main-beam injectors and buildings for these, plus buildings at the
integration points of the two experiments and near shafts, contribute a factor two-three more than the initial
11.5 km main tunnel. This also means that layout changes and optimisation of cut-and-cover installations and
related building can provide important additional improvements for CLIC.

e While reduction of the impact of the civil engineering — close to a factor two — seems within reach on the
timescale of 2040, the reductions due to decarbonising of the society/industry/materials as a whole on this
timescale are difficult to estimate for the accelerator, detector and infrastructure components.

o First estimates of the impact of two detectors, even with supports and all their services not included, indicate
that they contribute at a level approaching the civil engineering impact of 10 km of tunnel.

7 CLIC objectives for the next period

This section covers the design and technology work for the next period, including R&D, the environmental studies
and civil engineering preparatory work. A budget estimate and a personnel estimate are also presented.

7.1 CLIC project development timeline
The implementation schedule with emphasis on the next period is summarised in Table 55.
7.2 Technology readiness

As described with examples in Sect. 4 and Appendix A most of the central elements of CLIC have been developed
into prototypes - in some cases several generations of them, and tested in laboratories, beam-tests facilities, or
operational machines. Overall design and performance studies have also been implemented and verified, including
beam-based steering and tuning procedures.

The challenges of the X-band technology and two beam acceleration scheme are discussed in other sections of this
report, including the test and beam-facilities used to verify their performances, among others the CTF3 facility.
The nanobeam challenge encompasses several technologies and systems, from damping rings to the interaction
point, from alignment and stability to instrumentation and beamdynamics. CLIC has systematically addressed
all the issues and components of relevance and the status is similar for the various parts in terms of design,
prototyping and beam tests. System level tests have also been implemented as described in Sect. 2.1.5. In many
cases, for example for the damping ring systems, synchrotron sources or free electron laser linacs provide very
important additional confidence and test-grounds for the performances needed.

The key components of CLIC are therefore mainly at Technology Readiness Level (TRL) 6 (“A representative
model or prototype system/subsystem is tested in a relevant environment - in our case typically a beamline or
test facility, representing a major step up in a technology’s demonstrated readiness”) or 7 (“Prototype as part of
an operational system, representing a major step up from TRL 6, requiring the demonstration of an actual system
prototype in an operational environment, in our case as part of an accelerator”). A summary of the TRLs and
some key improvements foreseen over the next phase are shown in Table 56.

Many components of CLIC require little further R&D, but require developments and further work to optimize
and validate large scale industrial processes and samples, typically addressed in the pre-series phase. This is
discussed in the following Sect. 7.3.

7.3 Main points to address in the preparation phases

The project implementation for CLIC foresees two preparation phases prior to a construction start, see Table 55.
In order to analyse the priorities for the preparation phases, the following project risks and mitigations have been
considered:
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Table 55 Timeline of essential development and construction steps of the CLIC project

CLIC

Years

Conceptual Design Study
Project Implementation Plan and Readiness Report

Project Preparation Phase 1

2004 — 2012
2013 — 2025
2026 — 2028

Definition of the placement scenario
Design optimisation and finalization
Main technologies R&D conclusions
Technical Design Report — two IPs at CERN

Project Preparation Phase 2

To — (To +5)

Site investigation and preparation

Implementation studies with the Host states

Environmental evaluation & Project authorisation processes
Industrialization of key components

Engineering design completion

Construction Phase (from ground breaking)

T; — (T1 + 10)

Civil engineering
Construction of components

Installation and hardware commissioning

Beam commissioning and physics operation start

T:+11

TO is determined by a process in 2028-29 to validate the progress and promise of the project for a further development towards
implementation. T1 following Preparation Phase 2 will be determined by the processes needed, by the CERN Council and
with host-states, for project approval and to start construction. The construction phase is extended by three years with respect
to the technically-limited schedules to allow a transfer time into construction, and to avoid the resource conflict between HL
LHC operation and initiating beam commissioning for a next collider.

Table 56 Technology readiness and R&D for the CLIC accelerator

Component/Sub-system TRL

Goals, risks being addressed

X-band technology
HOM detuning/damp
Positron source
Two-beam acceleration

Initial emitt. and preservation

U O N ot O O

IP spot size/stability

Larger systems and industrial readiness, cost and yields
Robustness in system tests, luminosity

Benchmarking, positron yield verification

DB design and component developments, RF power
Design, luminosity margins

Beamtests, stability and robustness

e Performance: The dominant performance risk is related to the luminosity. The luminosity performance relies

on technical performance and reliability as well as design robustness and system redundancy. Risk mitigation
implies further studies at design and technical level, including on variation of parameters such as temperatures,
mechanical instabilities and vibrations, magnetic fields, etc. Performance validations in normal-conducting Free
Electron Laser (FEL) Linacs and other compact linac systems will provide powerful demonstrations and new
benchmarks for reliability, technical parameters, simulation and modelling tools.

Technical systems: The main technical risks are related to RF sources, the X-band components, and overall
system integration for the main linac. Reliable, efficient and cost-effective klystrons, modulators and X-band
structures are components which are crucial for the machine. Additional thermo-mechanical engineering studies
of the main linac tunnel, integrating all components, are important in order to further improve the understanding
of the mechanical and thermal stability needed for CLIC. Further development (beyond what has been achieved
with CTF3) of the high-power drive beam would be most desirable.

Implementation: Principal risks are associated with the industrial production of large numbers of modules
(cost, performance, yields) and the civil engineering. Work during the preparation phases includes qualifying
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Table 57 Main CLIC accelerator objectives and activities in the next phase

Activities

Purpose

Design and parameters

Beam dynamics studies, parameter optimisation, cost,
power, system verifications in linacs and low emittance
rings

Main linac modules

Construction of ~ 5 prototype modules in qualified
industries, optimised design of the modules with their
supporting infrastructure in the main linac tunnel

Accelerating structures

Production of ~ 50 accelerating structures, including
structures for the modules above

Operating X-band test-stands, high efficiency RF studies

Operation of X-band RF test-stands at CERN and in
collaborating institutes for structure and component
optimisation, further development of cost-optimised high
efficiency klystrons.

Other technical components

Magnets, instrumentation, alignment, stability, vacuum

Luminosity performance and reduction of risk, cost and
power

Final technical design, qualification of industrial partners,
production models, performance verification

Industrialisation, manufacturing and cost optimisation,
conditioning studies in test-stands

Building experience and capacity for X-band components
and structure testing, validation and optimisation of these
components, cost reduction and increased industrial
availability of high efficiency RF units

Luminosity performance, costs and power, industrialisation

Drive beam and main beam injector studies, incl. L&S band RF sources

Drive-beam detailed design and component prototypes for
drivebeam and main beam injectors.

Civil Engineering, siting, infrastructure

Detailed site specific technical designs, site preparation,
environmental impact study and corresponding procedures
in preparation for construction

Verification of the most critical parts of the drive-beam and
injectors, among them further development of industrial
capabilities for high efficiency L-band klystrons

Preparation for civil engineering works, obtaining all
needed permits, preparation of technical documentation,
tenders and commercial documents

companies for industrial production and optimising the work distribution and component integration. The
module installation and conditioning procedures need to be refined and further verified. Cost control is crucial
and is an integral part of these studies. This requires work on optimising the risk sharing models between
industry, CERN and collaborative partners for the most critical and costly components. Detailed site-specific
design work related to civil engineering and infrastructure needs to be performed, including environmental
studies and host-countries.

7.4 Summary of the R&D and study plans for the preparation phases

To address the issues described above the forthcoming preparation phases will comprise further design, technical
and industrial developments, with a focus on cost, power and risk reduction.

The key elements of the CLIC accelerator activities during the Preparation Phases 1 and 2 in the timeline
(Table 55) are summarised in Table 57. The programme covers the R&D on the critical technologies affecting the
main parameters of the accelerators and technical infrastructure and/or having an impact on civil engineering,
procurement of components requiring large scale production, acceptance tests and validation or production with
long lead times.

Civil engineering and infrastructure preparation will become increasingly detailed during the preparation phase.
The first step is final placement of the collider complex and its infrastructure after assessment of their territorial
compatibility, both for its initial phase and potential upgrades. This step is particularly urgent to establish that
a linear collider such as CLIC can be constructed at CERN as outlined in this report. This will be followed
by optimisation of the placement scenario with the relevant regional and local stakeholders as a part of wider
implementation studies with the Host Regions/States. An environmental impact study and corresponding public
inquiry will be needed as a prerequisite to authorisations for construction.
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A Technical Design Report (TDR) is foreseen outlining the detailed design, technical specifications and solutions
for the accelerator, and an implementation of the dual BDS and two interaction regions at CERN. The TDR, will
present the critical technologies of the project and the R&D result.

The resources for such a programme are summarised in Fig. 95, showing that the initial part of the programme
(Phase 1 in the time-line) requires limited resources while the larger industrial prototyping and pre-series efforts
occur later (Phase 2), combined with construction preparation. Around 1/3 of these resources could be available
outside CERN.

In parallel, civil engineering preparation to be able to place time-critical contracts to start the construction,
including continued environmental studies, will require significant resources during the second parts of Phase 2,
typically 5% of the civil engineering budget.

7.5 Technology demonstrators and collaboration

The design studies and technical work for CLIC are broadly shared among the CLIC collaboration partners.

The potential for collaborative projects is increasing with the current expansion in the field of Free Electron
Laser (FEL) linacs and next-generation light sources. In particular, the increasing use of X-band technology, either
as the main RF technology or for parts of the accelerators (deflectors, linearisers), is of high relevance for the next
phase of CLIC.

Construction, upgrades and operation of FEL linacs and conventional light sources, several of which are located
at laboratories of CLIC collaboration partners, provide many opportunities for common design and component
developments, and for acquiring crucial system test experience. Furthermore, the fact that there are significant
resources invested in such accelerators world-wide, provides excellent opportunities for building up industrial
capabilities and networks.

X-band RF systems and structure manufacturing used to be exclusively available in the US and Japan. However,
today there are around fifteen institutes capable of developing and testing X-band structures with their industry
partners. All are working together on optimising the technology. The increasing number of qualified companies
for accelerating structure manufacturing, together with the growing industrial availability of RF systems, make it
easier for new groups to engage in these technologies. As a consequence, several smaller accelerators using X-band
technology are in a proposal or technical preparation phase. In this context it is important to mention the SPARC
1 GeV X-band linac at INFN [311] and the CompactLight [312] FEL study. The CompactLight design study was co-
financed by the European Commission. It involved 24 partners preparing technical designs for compact FELs based
on X-band linacs at energies ranging from 6 GeV down to small room-size systems for X-ray production through
Inverse Compton Scattering (e.g. SmartLight [313]), and served as a catalyst for the spread of the technology.

The growing use of CLIC technology allows for implementing several of the CLIC project activities described in
Table 57 in the form of collaborative projects together with the project and technology partners mentioned above.
Nevertheless, the principal ingredient to a successful preparation phase for CLIC, and the ability to team up with
such partner projects, is funding for the next phase that allows the programme above to initiate.

8 Summary

This document presents a summary of research and development efforts on the Compact Linear Collider (CLIC),
with a focus on recent studies and advancements related to the CLIC accelerator complex. Important technical
progress related to X-band technology and klystron designs has been achieved. Integrated beam simulations have
concluded on a 50% increase in luminosity at 380 GeV, with respect to previous evaluations. A significant power
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reduction has been achieved, enabling a factor of two increased bunch-train repetition rate of 100 Hz with a power
consumption of 166 MW at 380 GeV. Compared to the 2018 values, this represents a total factor of three increase
in luminosity for the initial stage.

An interaction region with two beam delivery systems hosting two detectors has been designed, where luminosity
can be delivered to each detector. CLIC provides £80% longitudinal electron polarisation and proposes a sharing
between the two polarisation states at each energy stage for optimal physics reach [19]. The layout of the Injector
and Experimental complexes, located at the CERN Prévessin site, has been optimised to be completely located
on CERN territory. The cost for the initial 11.4 km 380 GeV stage has been estimated at around 7.2 BCHF
(2024).

A higher-energy stage, still using the initial single drive-beam complex, can be optimized for any energy up
to approximately 2 TeV. Parameters are worked out in detail for a 1.5 TeV stage, with a site length of 29 km.
Parameters for 550 GeV operating at 100 Hz are also provided, requiring less than 4 km extra tunneling at an
additional cost around 30% higher than the 380 GeV cost. The precise energy of the high-energy stage can be
decided upon, and most of the tunnel can be dug and equipped, while running the initial energy stage.

Beam experiments and hardware tests described in this report demonstrate that the CLIC performance goals
can be met. For instance, accelerating gradients of up to 145 MV /m are reached with the two-beam concept at
CTF3, and breakdown rates of the accelerating structures well below the limit of 3 x 10” m~! are achieved at X-
band test platforms. High luminosities can be achieved by using nanometre beam sizes. This requires low-emittance
beams as well as novel alignment and stabilisation techniques. The performances needed for the CLIC damping
rings are achieved by modern synchrotron light sources; special alignment procedures for the main linac are now
available; sub-nanometre stabilisation of the final focus quadrupoles is demonstrated.

The preparation phases for CLIC will comprise further design, technical, and industrial developments, with a
focus on cost, power, and risk reduction. The programme covers R&D on the critical technologies affecting the
main parameters of the accelerators and technical infrastructure and/or having an impact on civil engineering,
optimization of components requiring large scale production, preparation of infrastructure, and of productions
with long lead times. Furthermore, civil engineering and infrastructure preparation will become progressively
more detailed, in parallel with environmental impact studies and construction authorisation processes.

The CLIC physics programme spans over 20-25 years. This report provides details of an updated staging scenario.
Taking the 380 GeV and 1.5 TeV stages as an example, CLIC proposes a scenario with a running period of 10
years each. The initial stage at a centre-of-mass energy of /s = 380 GeV, motivated by an optimal combination
of Higgs and top-quark measurements, delivers an integrated luminosity of 4.3 ab™!. A subsequent stage would
increase the energy up to 1.5 TeV with an integrated luminosity of 4.0 ab™?!.

CLIC offers the unique combination of high collision energies and the clean environment of e*e™ collisions. This
enables the guaranteed physics programme of SM parameter measurements with unprecedented precision, ranging
from the top-quark mass and other top-quark properties to the Higgs couplings, including the Higgs self-coupling.
In addition, CLIC offers a rich potential for extensive exploration of the terascale in the form of direct and indirect
searches of BSM effects. Direct searches are often possible up to the kinematic limit for particles with electroweak-
sized coupling strength and detectable decay products. Beyond the kinematic reach, new physics effects might be
found through effects of their mixing with known particles.

In summary, CLIC represents a compelling opportunity for the post-LHC era.

Appendix A System tests and performance demonstrations
A.1 Introduction

CLIC requires excellent beam quality to achieve its luminosity goal. The assumed performances are based on
extensive theoretical studies and experimental results. Development of components and their testing and a number
of different beam facilities were instrumental for this. Foremost, the SLC [36] has demonstrated the feasibility of
the concept. Many lessons have been learned there and have been integrated into the design of CLIC. Light sources
and FELs have advanced the design of low emittance rings and linacs, respectively. The experience gained in b-
factories has also been important, and the construction and operation of test facilities specifically dedicated to
linear colliders, such as CTF3 and ATF2, has been fundamental.

The SLC reached more than half of the luminosity goal. Its failure to reach two design parameters were the
main cause; The repetition rate was 120 Hz, instead of 180 Hz and the bunch charge reached 34 x 10'° particles
instead of 7.2 x 10'° [37]. For otherwise unchanged parameters this would have led to a luminosity reduction by
more than a factor of six. However the SLC achieved better than planned beta-functions and emittances at the
collision point, mainly in the vertical plane, which allowed it to recover more of the luminosity goal.
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In the SLC two main limitations existed for the bunch charge and have been addressed in CLIC, the beam

stability in the damping rings and in the Main Linac:

The SLC damping ring showed a sawtooth instability at a bunch charge of 3 x 10'°, which made the extracted

beam at this charge useless. Later upgrades of the damping ring design to lower its impedance managed
to reduce the instability but the bunch charge remained below 4.5 x 10'° [37]. This effect is theoretically
understood and the CLIC damping ring design takes it into account and profits from the enormous progress
that has been made in the field of low emittance rings also thanks to the development of light sources and the
b-factories.

Wakefield effects in the main linac of the SLC amplified incoming beam jitter if the charge reached about
3 x 10'°. CLIC avoids such amplification by the use of strong focusing and a choice of bunch charge
and length that is consistent with stable beam transport in the presence of the wakefields. This de-
sign choice is one of the main ingredients of the CLIC parameter optimisation and includes some mar-
gin.

While the SLC failed to reach the full bunch charge it provided important physics results. It also successfully

demonstrated a number of important key concepts and managed to address critical performance limitations. In
particular:

The strong beam-beam forces in CLIC lead to shrinking beam sizes during the collision and an increase in
luminosity. This effect has been experimentally observed at the SLC, in which a luminosity enhancement by a
factor two has been gained. The experiment agrees very well with the simulations [38].

CLIC aims at 80% electron polarisation at the IP. The SLC demonstrated a value of 78%. This gives confidence
that the CLIC goal can be met with the new, improved photo cathodes.

In CLIC, stable beam transport in the main linac requires BNS damping. This concept has been successfully
tested in routine operation at the SLC.

Beam jitter is a key issue in CLIC. At the SLC during operation more than 50 feedback loops were developed in
iterations and successfully implemented to stabilise the beam. In CLIC similar feedback systems are integrated
from the beginning and profit from the SLC experience. Feedback systems were also a key ingredient in the
successful operation of the CLIC Test facility CTF3, where further experience has been gained.
Machine-induced background in the detector can limit the physics reach. In the SLC beam tails in the collimation
system produced muons that perturbed the experiment. Muon spoilers resolved the problem and space for them
is integrated in the CLIC design.

The CLIC parameters are more ambitious than the ones of SLC but also the understanding of the relevant

physics and the technologies have improved significantly. Important examples are:

As discussed above, the SLC charge limitation is understood and avoided in the CLIC design.

The novel Drive-Beam scheme and the Drive-Beam quality have been demonstrated in CTF3, as well as its use
to produce high-power RF pulses and the Two-Beam acceleration concept.

Modern light sources achieve CLIC-level, nano-metre normalised emittances in the vertical plane in routine
operation. In the vertical plane they are three orders of magnitude below the SLC level.

CLIC parameters require strong focusing at the IP. This focusing has been demonstrated at two test facilities,
i.e. FFTB at SLAC and ATF2 at KEK. The achieved vertical beam sizes were close to the target, see Sect. A.4.
Also the super B-factory at KEK aims at beta functions that are slightly larger but this in a circular collider
where the beam repeatedly passes through the system.

The use of dispersion-free steering to maintain small emittances in a linac has successfully been tested in
FACET, a test facility that used a part of the old SLC linac.

Better understanding of the technical limitations and the improved CLIC structure design allow to reach higher
gradients than the SLC. High gradient accelerating structures are in routine operation today and prove high
gradient and reliability.

The novel precision pre-alignment system of CLIC and sophisticated beam-based alignment and tuning ensure
the preservation of the beam quality during transport. The alignment system is based on a concept developed
for the LHC interaction regions with improved performance and prototypes have been built. The beam-based
alignment has been simulated and has been experimentally verified.

Quadrupole jitter has been an important source of beam jitter in the SLC. For CLIC this has been addressed by
designing the magnet supports to avoid resonances at low frequencies and by developing an active stabilisation
system for the magnets, which demonstrated a reduction of the jitter to the sub-nm regime.

CLIC requires excellent relative timing at the femtosecond level over the collider complex. Modern FELs have
developed the relevant technology.

The impact of time varying magnetic fields has been explored and the necessary mitigation methods have been
developed, see Sect. A.8.
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Fig. 96 Schematic CTF3 layout
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e High availability is key to achieve the luminosity goal. The very reliable routine operation of light sources,
FELs, the b-factories and the LHC provide key concepts to address this issue.

In conclusion, the CLIC parameters are ambitious but are supported by experience in existing facilities. This
permits a confidence that the goals can be met. In the following these performance benchmarks are presented in
more detail.

A.2 Drive Beam generation, power production and Two-Beam acceleration in the CLIC Test Facility CTF3

The aim of the CLIC Test Facility CTF3 (see Fig. 96), built at CERN by the CLIC International Collaboration,
was to prove the main feasibility issues of the Two-Beam acceleration technology [29]. CTF3 consisted of a 150 MeV
electron linac followed by a 42 m long Delay Loop (DL) and a 84 m Combiner Ring (CR). The beam current from
the linac was first doubled in the loop and then multiplied by a further factor of four in the ring, by interleaving
bunches in transverse RF deflectors. The beam was then sent into the CLIC experimental area (CLEX) where it
was decelerated to extract from it RF power at 12 GHz. Such power was used to accelerate a probe beam, delivered
by a 200 MeV injector (Concept d’Accélérateur Linéaire pour Faisceaux d’Electrons Sondes, CALIFES) located in
the same area.
The main issues explored in CTF3 can be divided in two main areas [55]:

1. Drive-Beam generation: efficient generation of a high-current electron beam with the proper time structure to
generate 12 GHz RF power. In order to achieve this, CLIC relies on a novel technique: fully-loaded acceleration
in normal conducting travelling wave structures followed by beam current and bunch frequency multiplication
in a series of delay lines and rings by injection with RF deflectors. CTF3 used such method to produce a 28 A
electron beam with 12 GHz bunch repetition frequency. The Drive Beam was then sent to the experimental
area, CLEX.

2. RF power production and Two-Beam acceleration: in CLIC the needed 12 GHz RF power is obtained by
decelerating the high current Drive Beam in special resonant structures called PETS (Power Extraction and
Transfer Structures). The power is then transferred to high gradient accelerating structures, operated at about
100 MV/m. In the CTF3 experimental area (CLEX), the Drive Beam is decelerated in a string of PETS in
the Test Beam Line, (TBL). The Drive Beam can alternatively be sent to another beam line (Two Beam Test
Stand, TBTS, renamed later to Test Beam Module, TBM) where one or more PETS powered one or more
structures, further accelerating a 200 MeV electron beam provided by CALIFES.

CTF3 was installed and commissioned in stages starting from 2003. The beam commissioning of the DL was
completed in 2006. The CR and the connecting transfer line were installed and put into operation in 2007, while
the transfer line to CLEX was installed in 2008. In 2009 this last beam line and the CLEX beam lines, including the
CALIFES injector, were commissioned. During the autumn of 2009, recombination with the DL and CR together
was achieved, yielding up to 28 A of beam current. In 2010 the nominal power production from the PETS was
obtained, and the first Two-Beam test was performed, reaching a measured gradient of 100 MV/m. In 2011 a
gradient of 145 MV /m was reached and the PETS On-off mechanism was successfully tested. At the end of 2014
the TBTS was replaced by the Two-Beam Module, TBM, a 2 m long fully representative unit of the CLIC Main
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Linac. In 2015 the Drive Beam was decelerated by 50% of its initial energy in the TBL. Drive Beam stability and
the overall performances of the facility were continually improved after the initial commissioning, until the final
run in 2016.

A.2.1 Drive Beam generation: injector — Beam current and time structure

The CTF3 Drive-Beam Injector consisted of a high current thermionic gun, three 1.5 GHz sub-harmonic bunchers
(SHBs) and a 3 GHz system composed of a pre-buncher and a buncher [314]. The SHBs gave the first energy-time
modulation to the beam and performed the phase coding by means of fast 180° RF phase switches. The 6-cell
travelling wave (TW) SHBs had a nominal power of 40 kW. Downstream, a 3 GHz single-cell pre-buncher and
a TW buncher were installed to create the final bucket structure and accelerate the beam up to 6 MeV/c. The
2 cm long pre-buncher nominal power was 100 kW, while the half-meter long buncher was fed a maximum power
of 40 MW. Exhaustive simulations were performed using PARMELA to guide the optimization of the transverse
emittance, the bunch length and the satellite population. The magnetic field distribution was optimized to keep
the emittance at the exit of the injector below 50 nm, as confirmed by measurements [315]. A bunch length of
1 mm was measured with a streak camera at the end of the linac [168]. Some particles form unwanted satellites in
between the 1.5 GHz main bunches; the measured fraction of the satellites is about 8%, compared to the design
figure of 7%. Figure 97, a projection of a streak camera image, shows the bunch population vs. time during the
180° phase switch. As can be seen from the figure, the measured switch time is less than 6 ns (eight 1.5 GHz
periods), well below the 10 ns target [316].

A.2.2 Drive Beam generation: linac — full beam-loading acceleration

Overall efficiency is paramount for linear colliders, and a very efficient RF energy transfer to the Drive Beam,
obtained by means of full beam-loading operation, is one of the key ingredients in CLIC. The high pulse current in
both CLIC and CTF3 (about 4 A in both cases), accelerated in short travelling-wave RF structures with relatively
low gradient, results in an extremely high transfer efficiency. No RF power is transmitted to the load when the
beam is present and the resistive losses in the cavity walls are minimal, such that an overall efficiency of about
98% is calculated in the CLIC case. However, an energy transient is present at the beginning of the pulse, and
the first bunches may have twice the energy of the steady-state part; this mode of operation also strongly couples
beam current fluctuations to the beam energy.

The 3 GHz TW accelerating structures designed and built for CTF3 [317] work in the 27/3 mode, have a length
of 1.22 m and operate at a loaded gradient (nominal current) of 6.5 MV /m. The large average current also implies
that transverse higher order modes (HOMs) must be damped in order to prevent beam instability and control
emittance growth. A Slotted Iris - Constant Aperture structure (SICA), in which irises are radially slotted to guide
dipole and quadrupole modes into SiC loads, was designed for the purpose. The selection of the damped modes
is obtained through their field distribution, strongly damping the HOMs (Q typically below 20), while monopole
modes are not influenced. In addition HOM detuning along the structure (by nose cones of variable geometry)
is used; this improves their suppression and modulates the group velocity to control the gradient profile. The
aperture is therefore kept constant along the structure, reducing short range wakefields. The RF is supplied by
klystrons with power ranging from 35 MW to 45 MW, compressed by a factor two to provide 1.3 ps pulses with
over 30 MW at each structure input. The pulse compression system uses a programmed phase ramp to provide a
constant RF power.
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Beam commissioning started in June 2003. The design beam current and pulse length were rapidly reached. The
beam was remarkably stable and no sign of beam break-up was observed at high current, thus proving for the first
time operation under full beam loading [318]. The measured normalized emittance at the end of the CTF3 linac
was routinely about €, ~ 50 pm, confirming negligible wakefield effects as predicted by simulations. The energy
spread of the initial beam transient (~ 100 ns) could also be reduced to a few percent by partial RF filling of the
structures at beam injection. The observation of the RF signals at the structure output couplers was particularly
useful, allowing to easily adjust the beam-to-RF phase by maximizing the beam loading. The acceleration efficiency
was demonstrated in a dedicated experiment [319].

After careful calibration of beam current and RF power measurements, the beam energy gain was calculated
and compared to spectrometer measurements. Figure 98 shows an example of the RF pulse measured at the
structure input and output, showing that the RF power is almost fully absorbed by the beam. The measurements
were in excellent agreement with the theoretical energy gain. Including the resistive losses, the obtained RF-to-
beam transfer efficiency was 95.3%. CTF3 was routinely operated over several years with fully loaded structures,
successfully proving the stable, highly efficient acceleration of the Drive Beam.

A.2.3 Drive Beam generation: delay loop and CR — bunch combination

Beam recombination in CTF3 is done in two stages. First, using the Delay Loop (DL), a 1120 ns long bunch train
with a current of 4 A is converted into 4 pulses of 140 ns and 7.5 A (not counting the charge contained in satellite
bunches). Later, the pulses are interleaved in the Combiner Ring (CR) to produce a single 140 ns long pulse with
a maximum current of about 30 A. The first RF deflector, operating at 1.5 GHz, sends odd and even phase-coded
sub-pulses either straight to the CR or into the DL, whose length is equal to the sub-pulse length. The sub-pulses
circulating in the DL come back in the deflector at half a wavelength distance, and their orbits are merged with the
following ones to obtain 140 ns long pulses with twice the initial current and twice the bunch repetition frequency.
The pulses are combined again in the CR. A pair of RF deflectors is employed to create a time-dependent closed
bump at injection, used to interleave bunches.

The combination process must preserve transverse and longitudinal beam emittances: isochronous lattices,
smooth linear optics, low impedance vacuum chambers and diagnostics, HOM free RF active elements are all
needed to accomplish this task. A short bunch length is fundamental for efficient RF power production in the
PETS. Bunch length preservation requires the use of isochronous optics (which implies Rss = 0) in the DL, the
CR and the transfer line connecting them. The isochronicity requirement is |Rsg| < +1 cm. The DL and CR are
based on the use of three-dipole isochronous cells with three independent quadrupole families, whose tunability
range fits well the requirements. Sextupoles can be used to control the second-order matrix term Trg6. Bunch length
control to down to less than 1 mm R.M.S. was shown after the linac. In CLEX a bunch length of 2 mm R.M.S.
was estimated from RF power production and confirmed by direct streak camera measurements. Such length is
consistent with required isochronicity conditions and entirely sufficient for CTF3 operation, avoiding also coherent
synchrotron radiation, which would affect shorter bunches. Damping and detuning is used in the RF deflectors of
the ring in order to minimize wakefields in the vertical plane [320]. The lowest order horizontal dipole mode is
the operational one and cannot be damped or detuned. However, the fill-time of the travelling wave deflectors is
short enough to avoid turn-by-turn direct build-up. In order to avoid any residual amplification of the orbit errors
by wakefields, the fractional tune of the CR is set to be about 0.6 in both planes. Also, the g-function in the
deflectors is kept small to minimize amplification. The ring length must be (N £1/N;)Agp, where N is an integer
number, Ny the combination factor (here 4), and Agp is the RF wavelength. The fractional part Agr /Ny can be
determined precisely from a Fourier transform of the dedicated beam phase monitor signal, and when needed the
ring length can be adjusted using a wiggler.
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In the last experimental runs, a large fraction of beam time was dedicated to improvements of the Drive
Beam performance, especially control of emittance growth, availability and stability. Apart from enabling a
better exploitation of the beam by the users, this was an integral part of the CTF3 experimental program,
aimed at demonstrating a beam quality close to the one required for CLIC. Emittance preservation requires
good control of the optics, a very good closure of the DL and CR orbits, proper matching from the linac
and control of spurious dispersion. The CTF3 Drive Beam has a R.M.S. energy spread of about 0.6%, and
the isochronous optics in DL, CR and transfer lines are strongly focusing. This leads to a large non-linear
dispersion, which is the main source of emittance growth. The main contribution was coming from the DL,
whose optics is constrained by building space limitations. A new more forgiving DL optics was developed and
deployed, and tools to precisely measure Twiss parameters and dispersion in the different beam lines were
put in place. Dispersion Free Steering and Dispersion Target Steering procedures were implemented and ap-
plied. While the beam combined in the CR met the CLIC emittance requirements (<150 pm) in both planes,
the minimum horizontal emittance for the factor 8 recombined Drive Beam was about 250 pm (100 pm in
vertical). Besides demonstrating the feasibility of the CLIC bunch combination principle, CTF3 has allowed
the development of an optimized setting-up procedure of such a process, validating the special diagnostics
needed [168, 321].

A.2.4 Drive Beam generation: beam stability issues and phase feed-forward

In CLIC, the Two-Beam Acceleration scheme puts tight constraints on the Drive-Beam current, energy and phase
stability. In particular, both bunch charge and phase jitter contribute quadratically to the luminosity loss [322];
a maximum variation of 0.75%1073 for the Drive-Beam current and about 2° at 12 GHz for the Drive-Beam
bunch phase after combination are allowed, for a maximum of 1% to the luminosity loss per parameter and
assuming a feed-forward system — discussed later — capable of reducing the phase jitter to 0.2° at 12 GHz. Dur-
ing the first years of operation CTF3 suffered from relatively large beam jitters and drifts; dedicated studies
discovered most of the sources, which were either removed or corrected by feedback systems. Dedicated tests
aimed at demonstrating performances close to the CLIC requirements (including a feed-forward experiment, see
later for a full description) were added to the CTF3 experimental program in its final years. The CLIC toler-
ances on the Drive-Beam Linac RF, for instance, were verified for the CTF3 klystrons, measuring the short-
term RF stability over 500 consecutive RF pulses (~ 10 min). The mean pulse-to-pulse phase jitter measured
with respect to an external reference was 0.035° (3 GHz) and the relative pulse-to-pulse amplitude jitter has
been 0.21%, to be compared with the CLIC requirements of 0.05° R.M.S. phase jitter and 0.2% R.M.S. ampli-
tude jitter [323]. The pulse-to-pulse current variations in the CTF3 linac were measured using inductive beam
position monitors. The initial stability (AI/I =2 x 1073) was improved by better stabilizing the gun heater
power supply and by a feedback, to obtain AI/I =0.54 x 1073 [323], better than the required current stabil-
ity for CLIC of AI/I =0.75 x 1073. After further improvements, in 2016 the R.M.S. current jitter at the end
of the Drive-Beam Linac was routinely better than 2 x 10™*, corresponding to the electronic noise floor of the
BPMs (the observed jitter is the same with and without beam). Such performance is currently achieved for
long periods, even tens of hours [324]. The stability of the combined beam current in CLEX, at the end of
the experimental lines, was also largely improved and 3 x 10~2 R.M.S. was measured for periods longer than 5
hours [31].

In CLIC a Drive-Beam phase feed-forward system is required to achieve a timing stability of 50 fs R.M.S., or
equivalently a phase stability (jitter) of 0.2 degrees at 12 GHz. This system poses a significant challenge in terms
of bandwidth, resolution and latency and therefore a prototype of the system was designed, installed and tested
in CTF3. After one year of experience a phase jitter of 0.28 + 0.02 was demonstrated, very close to the CLIC
specifications [325]. With additional fine-tuning in 2016, the final year of operation at CTF3, it was possible to
further reduce the achieved phase jitter to below the CLIC requirement of 0.2° and to keep it at such level on
timescales of about 10 minutes [326].

A.2.5 Two-Beam Acceleration: power generation, PETS on-off and deceleration

In CTF3, PETS prototypes were tested with beam in TBL and in TBTS (and later TBM). The prototypes tested
in both lines were very similar, differing mainly in length and some construction detail. In both cases the nominal
CLIC parameters for power and pulse length were reached and exceeded. In particular during the 2010 run, RF
power levels of about 300 MW were reached at the nominal pulse length of 240 ns, well above the nominal value
for CLIC, 135 MW [327]. Another milestone was the validation of the PETS On-Off concept. The PETS On-Off
mechanism is required in CLIC in order to be able to switch on and off individual PETS whenever localized
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breakdowns threaten the normal machine operation. The system should also provide a gradual ramp-up of the
generated power in order to reprocess either the main accelerating structure and/or the PETS itself. A prototype of
the CLIC PETS On-Off mechanism, a compact external extension to PETS, consisting of two high power variable
RF reflectors, was developed, manufactured and extensively tested with beam in the TBTS. The switching off
of the PETS power production has been demonstrated with different beam and RF settings, up to 16 A and
200 MW [328]. The model describing the RF behaviour agreed with the measurements under all conditions. When
the PETS is switched off, the accelerating structure sees less than 1% of the extracted power, basically making
breakdown events impossible. The likelihood of a breakdown in PETS is also reduced by a factor 102 — 10® due to
the power attenuation to ~ 25% of the nominal value.

The stability of the Drive Beam during deceleration was studied in the Test Beam Line (TBL), consisting of
a FODO lattice with 14 consecutive PETS installed in the drift spaces. High precision BPMs and quadrupole
active movers are used for precise beam alignment. In the TBL a 25 A Drive Beam was decelerated from it initial
energy, 135 MeV, down to a minimum of 67 MeV, reaching the 50% deceleration milestone which was one of the
initial goals of CTF3. On average the produced power was 90 MW per PETS. The total peak RF power produced
in less than 20 m deceleration line reached 1.3 GW. The beam energy loss and its energy spread was measured
in a time-resolved spectrometer, and agreed very well with simulations. The dynamics of the Drive Beam while
undergoing deceleration was studied in detail, and both transverse and longitudinal parameters were in agreement
with the simulations [329].

A.2.6 Two-Beam Acceleration: two-beam test stand and Two-Beam module

The key purpose of CTF3 was to demonstrate the CLIC Two-Beam Acceleration scheme, including efficient power
transfer to high-gradient structures and acceleration of a Probe Beam. The Probe Beam was provided by the 24 m
long injector linac, CALIFES [330], located in CLEX and delivering single bunches or bunch trains at 1.5 GHz
bunch repetition rate and energies up to 200 MeV. The beam was generated and accelerated to ~ 5 MeV/c in a
photo-injector and further accelerated in three 3 GHz accelerating structures recuperated from the LEP Injector
Linac (LIL). The accelerating structures and the photo-injector were powered by a single 3 GHz klystron delivering
4 MW RF pulses during 5.5 ps to an RF pulse compressor. CALIFES was usually operated with bunch charges of
~ 0.1 nC and a normalized R.M.S. emittance of 10 pm.

The Probe-Beam energy was measured in a spectrometer as a function of the Probe Beam 3 GHz RF phase,
phase-locked to the laser pulse timing. A phase scan was then used to adjust the relative timing between Probe and
Drive Beam for maximum acceleration. The nominal CLIC accelerating gradient of 100 MV /m corresponds to an
energy gain of AE =21 MeV. Energy gains of up to AFE =32 MeV were achieved with relatively low breakdown
rates (a few 1072), while higher gradients, up to 165 MV /m were achieved with higher rates [327]. Figure 99 shows
an example of AE = 32 MeV Probe-Beam Acceleration measured on the spectrometer screen, corresponding to an
accelerating gradient of 145 MV /m.

The effect of breakdown kicks on the Probe Beam was also extensively studied [331]. At the end of 2014 the
TBTS was replaced by the Two-Beam Module, TBM, a 2 m long fully representative unit of the CLIC Main Linac,
including an active alignment system (Fig. 100). The nominal CLIC gradient/pulse length was again established,
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Fig. 100 The Two-Beam
Module, TBM, a 2 m long
fully representative unit of
the CLIC main linac,
installed in the CLEX area
of CTF3

and extensive tests of the module functionality, including precision and reliability studies of the active alignment
system, and measurements of transverse wakefield effects were carried out. The experimental results were consistent
with specifications and simulations.

A.2.7 Conclusions on CTF3

The CLIC Test Facility CTF3 provided a rich experimental programme, addressing various aspects of the acceler-
ator technology needed for CLIC and solving the vast majority of issues related to Drive-Beam generation, power
production and Two-Beam Acceleration. In particular, high-gradient acceleration beyond 10 MV /m using X-band
room temperature is now well established, as well as the production and use of a high-current Drive Beam as an
efficient and reliable source of X-band RF power in the range of hundreds of MWs. CTF3 successfully completed
its experimental program in December 2016 as planned, and stopped operation.

A.3 Drive-Beam injector performance
A.3.1 Drive-Beam electron source

The CLIC Drive-Beam electron source has been designed taking into account the results from CTF3. The source is
a scaled version of the CTF3 gun originally developed and contributed by SLAC and LAL. The current of 4.2 A is
very similar to the one used in CTF3 but the pulse duration is 140 s and therefore 100 times longer than in CTF3,
thus covering the main difference in performances with respect to the CTF3 gun. The second very challenging
specification is the required beam stability over such a long pulse. The charge needs to be stable to 0.1% both
along the pulse and from pulse to pulse. An electron gun based on a commercial thermionic cathode with a voltage
of 140 kV has been developed and a prototype was built [332]. The cathode has a grid which allows beam current
regulations. A test stand has been built at CERN to demonstrate the performance of the Drive-Beam electron
source. The experimental setup can be seen in Fig. 101. The source produced pulses of 140 s duration with a
current of 4.2 A. The stability of the beam has been measured and a shot to shot reproducibility of 0.2% has
been achieved already. The emittance of the beam has been estimated to be below 10 mm mrad by comparison
with PIC simulations. Since the stored energy needed to use a DC high voltage with a 10~ stability is quite
substantial, a pulsed high-voltage modulator based on a Marx-topology has been developed in collaboration with
CEA [333]. The modulator demonstrated a stability of 0.1%. Therefore the concept for the critical Drive-Beam
electron source as described in the CDR can be considered as validated.

A.3.2 Sub-harmonic bunching system

In addition to the source, another critical item of the Drive-Beam Injector, the sub-harmonic buncher, has been
investigated experimentally. The Drive-Beam Injector uses three sub-harmonic bunchers at 499.75 MHz to pre-
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bunch the beam out of the DC source and switch the phase of the bunches by 180 deg every 240 ns to enable the
beam for later recombination. The buncher and its RF power supply need therefore to have a bandwidth of about
10%. In order to ease the requirements for the RF power source a buncher was developed which minimizes the
power needs. The solution found is a two cell, backward-wave, travelling-wave structure. The detailed design of the
buncher cavities can be found in [112]. A prototype is shown in Fig. 102. The innovative prototype was built out of
aluminium because of weight and cost considerations. The cells were joined by electron beam welding. In parallel
a solid state amplifier with an output power of 20 kW was developed by RRCAT in India as a prototype for the
necessary RF source. The amplifier architecture could be scaled up the 100 kW needed for the third buncher in
the CLIC injector scheme. The amplifier and the buncher were tested together at full output power, pulse length
and duty factor successfully fulfilling as well the stability requirements.

A.4 BDS beam dynamics, experimental studies in ATF2 and FFTB
A.4.1 Achievements and plans

The Final Focus Systems (FFS) envisaged for future linear colliders are regarded as major challenges requiring
experimental demonstrations. Table 58 shows the main FFS parameters of the different experimental projects [42—
45, 91, 334, 335].

The first FFS experiment was FFTB [42], which used a traditional chromaticity correction scheme. The achieved
vertical beam size was more than 50% larger than the design. It was suspected that this deviation was due to orbit
jitter.

ATF2 was conceived to demonstrate the compact chromaticity correction scheme presented in [93] and it
operates with extended goals to demonstrate CLIC chromaticity levels. It has occassionally reached 41 nm vertical
beam size, just 10% above design, but using relaxed optics with ten times larger 5. According to simulations the
need to enlarge 8% may come from poor orbit control or magnetic aberrations [336].
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Table 58 FFS parameters

for CLIC and related CLIC FFTB ATF2 SKEKB
experimental 3 TeV Nom. UL g* Long L* Low gB*
projects [42-45, 91, 334, 335]

L [m] 6 0.4 1 1 2 0.9

B [mm]  0.12 0.1 0.1 0.025 0.1 0.09

& ~L")B; [10%] 50 4 10 40 20 10

€y [pm)] 0.003 22 12 12 12 13

oy design [nm)] 1 52 37 23 37 34

oy measured [nm] - 70+6 4142 - - -

Fig. 103 Octupole magnets OCT1 (left) and OCT?2 (right) installed at ATF2 beamline

The ATF2 Ultra-low * proposal aims at reducing beam size below 30 nm achieving similar chromaticity
levels as the CLIC FFS. Two octupoles manufactured by CERN have been installed in order to cancel high order
aberrations. Fig. 103 shows the octupole magnets installed in the beamline. Another option to increase the ATF2
chromaticity without reducing the IP beam size is to increase L*. This modification could be considered once
ATF?2 has reached its main goals. Actually further R&D proposals exist related to CLIC as the study of crystal
focusing [337].

SuperKEKB is an ete™ circular collider aiming at reaching 60 nm beam size at the IP with a traditional chro-
maticity correction system. An alternative FFS design using the traditional chromaticity correction was proposed
for CLIC [338]. A pushed optics version of SuperKEKB FFS has been presented in [45] to approach its chromaticity
levels to CLIC and an IP beam size of about 40 nm. An experimental program to test CLIC FFS in SuperKEKB
is being considered.

A.4.2 Ultra-low B* with octupoles in ATF2

Reducing the g functions at IP to such small values reported in Table 58 imposes tight constraints on the machine
imperfections. A clear example was the field quality of the quadrupole magnets installed in 2009 in the ATF2
beamline. Some of the measured [339] multipolar components present in the Final Doublet magnets exceed the
tolerances of both the ATF2 Nominal and Ultra-low 8* lattices, as shown in [44, 340, 341]. The Ultra-low §*
is the most severe case, as expected. Possible solutions can be found by decreasing the horizontal S function
along the beamline so that the impact of the multipolar components is reduced accordingly. However, this option
deviates from the beam size aspect ratio required to test the FFS of the future linear colliders. A pair of octupole
magnets would be required to effectively test the pushed optics at ATF2 without altering the 5*, as shown in [342].
Additionally it was found that the effect of the fringe fields of the FD quadrupoles would also preclude to reach a
o, <30 nm. Nevertheless, this detrimental effect could also be compensated thanks to the octupole magnets, as
shown in [343]. Finally the pair of octupole magnets would provide additional knobs to carry out the tuning of ATF2
under machine imperfections, as considered in [344]. Therefore, a pair of octupole magnets were fabricated [345] at
CERN following the specifications given in [346] and installed in ATF2 by 2016. Presently the octupole magnets
are in operation and provide additional tuning knobs for the ATF2 ultra-low $* tuning [347]. The latest works on
ATF2 ultra-low 8* tuning can be found in [348, 349].
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A.4.3 Ground motion in ATF2

Ground motion (GM) is not a limiting factor in the ATF2 performance. We use ATF2 as a test bed for CLIC
GM concepts. 14 Giiralp 6T seismometers have been installed at ATF2. They have been used to measure GM and
magnet vibrations regularly and to identify their main sources [242]. Recently, these seismometers, in combination
with a transverse kicker, have been used to demonstrate for the first time an orbit feed-forward system based on
quadrupole motion measurements [350]. About 80% of the quadrupole-induced jitter was successfully cancelled
with the transverse kicker. Future studies will aim to use more than one kicker to increase the efficiency of the
feed-forward further.

A.4.4 Wakefields

The ATF2 IP vertical beam size was observed to increase with bunch intensity by about a factor 2 in [43, 44, 336].
This could be partially explained by the combination of wakefields and a large orbit jitter of 0.4 o,,. Many wakefield
sources were removed from the beamline, including cavity BPMs and a reduction of the beam size growth with
intensity was observed. However, o, =41 nm has not been reached again in ATF2, and the intensity dependence
has not been evaluated in the same conditions.

An attempt to study this intensity-dependent effect has been made using the beam orbit [351, 352]. However,
36 of the 46 BPMs in the machine (striplines and cavity BPMs) do not provide the required precision for such
studies. A Wakefield Free Steering (WFS) correction scheme was tested on the machine in February 2018 with
promising results [352, 353]. The method consists of correcting the orbit difference due to the charge-related effects
using the ATF2 steering magnets. Further work will be done to improve the technique. WES could be considered
an integral part of the tuning procedure.

A.5 Low emittance preservation (FACET / elettra)

The proposed high luminosity of CLIC (and ILC) requires normalised vertical emittances of a few tens of nanome-
ters at the interaction point to reach the target luminosity. Because of these ultra-low emittances, preserving the
emittance throughout the entire accelerator from the damping rings to the interaction point has been regarded as a
potential feasibility issue for the whole project. The primary sources of emittance growths are misalignments of the
accelerator components, which cause transverse deflections, introduce dispersions and might create short and long
wakefields in the accelerator structures. The long train of bunches might suffer from long-range wakefields, which
induce beam breakup and cause beam losses. Spurious dispersion in the quadrupoles causes emittance dilution,
which scales as the squared of the absolute misalignment of the beam BPMs, and the emittance dilution due to
single-bunch transverse wakefields, which scales as the square of the accelerator structure offset [354]. Other sources
of the emittance growth include bending magnets where consistent emission of synchrotron radiation occurs, geo-
metric and chromatic aberrations in nonlinear magnets, correlated energy spread due to longitudinal short-range
wakefield effects in the accelerator structures, etc.

Most of these effects are excited by transverse installation misalignments of the elements, and therefore, a tight
pre-alignment of the components is required; in the case of the CLIC Main Linacs, this means one order of mag-
nitude better than the available off-the-shelf solutions. The CLIC-motivated, EU-funded PACMAN project [201]
was launched to address this issue and, within its duration, successfully reached the required precision and accu-
racy. Yet, excellent pre-alignment is insufficient to preserve the ultra-low emittances, and dedicated beam-based
techniques must be put in place to mitigate the impact of the imperfections further. In CLIC, this problem is even
magnified by the sheer number of accelerator components: the Main Linacs of CLIC, at 380 GeV centre-of-mass
energy, are about 3 km long and contain about 600 quadrupoles and as many BPMs (which, anyway, is just
less than half the total number of components traversed by the electrons and by the positrons along their way
from the damping rings through the interaction point). Such a large number of components adds at least two
complications: (1) it increases the number of potential sources of emittance growth, and (2) it makes local cor-
rection techniques impractical and excessively time-consuming. Instead, in order to align such linacs robustly and
more practically, global correction algorithms need to be used. Such algorithms have been studied and modelled
intensively during the last decades [355-357]. In conjunction with even more sophisticated algorithms, a global
dispersion-free correction has been proposed and foreseen as an integral part of the linac tuning procedures for
CLIC and ILC.

Another significant effect that might harm the beam is the long-range wakefields in the accelerator structures.
In this case, each bunch can affect later bunches within the same train and induce beam breakup. Analytic
evaluations of the tolerance of the beam to such long-range wakefield kicks lead to key design choices for the CLIC
main accelerating structure, which, in fact, features both waveguide damping and cell-to-cell detuning to provide
strong broadband suppression of the long-range wakefields (see [358] and CLIC CDR [55]). Our tests at FACET
aimed at a direct measurement of the long-range wakefield kicks with beam, ultimately validating this design.
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Fig. 104 The orbit response
matrix, R, as measured by
estimating the orbit
difference from systematic
alternating-sign correctors
kicks and applying the
system identification
algorithm

BPM [no.]
Corrector [no.]

iteration 0 iteration 1 iteration 3

Fig. 105 Phosphorous beam profile monitor measurements at the end of the FACET linac, before the dispersion correction,
after one iteration step, and after three iteration steps. Iteration zero is before the correction

To assess the criticality of the issues mentioned above, a programme of experimental verifications was launched,
making use of the FACET linac at the SLAC National Accelerator Laboratory [48] and of the linac of FERMIQElet-
tra free-electron laser in Trieste, Italy [49]. The goals of this measurement campaign were twofold: (1) demonstrate
the effectiveness of global beam-based alignment algorithms, (2) measure the long-range wakefields in the CLIC
structure and validate the design. Both goals have been successfully achieved.

A.5.1 Beam-based alignment

Experience at FACET The latest incarnation of the SLC linac, i.e. the FACET test facility at SLAC, was the ideal
testbed for our linear collider beam-based techniques. The FACET facility used the first 2 km of the Stanford
Linear Collider, accelerating electrons (and positrons) from 1 GeV to 20 GeV beam energy, with several tens of
correctors and BPMs. Here, we report on the experimental proof-of-principle of emittance reduction techniques in
a long line by applying dispersion-free correction with automatic “system identification” algorithms. The test was
structured in two phases; first, we deployed an automatic procedure to perform a system identification aimed at
computing the response matrices from measurements, and then we made use of such response matrices to perform
tests of dispersion-free steering (DFS) correction. We verified the combined effect of the system identification and
dispersion-free correction by preparing extensive PLACET [359] simulations of a model of the FACET linac before
the measurement. Furthermore, PLACET was used in flight-simulator mode to develop and fine-tune all the scripts
for the online operation. Detailed explanations of the procedure are presented in [46].

The response of each BPMs to beam corrector excitations was measured using state-of-the-art system identi-
fication procedures [360] both for the nominal and dispersive test beams, required for the dispersion correction.
The response matrices were obtained by operating the linac in nominal conditions for the orbit correction and
changing the phase of a single klystron in the upstream section of interest from 0 to 90 degrees for the test beam.
The selection of klystron and phase change was based on simulated evaluations. Figure 104 shows the measured
orbit response matrix.

Figure 105 shows one of the best results of the experiment, which demonstrated how the algorithm successfully
corrected dispersion and, in so doing, helped to recover the transverse emittances. The horizontal dispersion was
robustly corrected by a factor 3 and the vertical by a factor 4. It should be noted that during the correction, the
absolute orbit diverges from its initial course, as the dispersion is reduced. This is to be expected.

Ezperience at FERMI@Elettra Spurred on by the success of the tests of beam-based alignment performed at
FACET, we had the chance to test our beam-based alignment algorithms at other machines. The linac of the free-
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Fig. 106 Layout of the wakefields measurement experiment < e+, Driverbunch O e-, Witness bunch
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electron laser FERMIQ@Elettra at Sincrotrone Trieste, Italy, was probably the ideal one for us, given the presence
of an X-band accelerator structure, used as RF lineariser, and of several C-band structures featuring strong
transverse wakefields [49]. At FERMIQ@Elettra we took the chance to test a variant of dispersion-free steering,
called wakefield-free steering (WFS), where the effect of the wakefields on the orbit is removed by means of dipole
corrector magnets, rather than the dispersion. The results of this experiment have been published in [47].

A.5.2 Long-range wakefields

The design of the CLIC main accelerator structure, heavily damping the high-order modes, was validated at
FACET. This demonstration aimed to validate that the beam dynamics requirements are met and to prove that
the computer-simulated transverse wakefields are accurate [361]. This latter condition was essential since the design
may evolve in the future. The experimental demands were significant since the suppression must be measured at
bunch distances from the peak of the transverse wakefield to the end of the CLIC bunch train, which spans more
than four orders of magnitude, namely from 1 mm to 50 m and over approximately three orders of magnitude
of wakefield level. These requirements could only be met at the FACET facility at SLAC. The peculiarity of this
facility, which is unique and essential for this type of measurement, is that it could simultaneously deliver positron
and electron bunches. This allowed us to excite wakes with a positron bunch and then measure the transverse kick
directly on the following electron bunches at a variable distance. The experiment setup and the main results are
shown in Fig. 106 and 107. The agreement between simulation and measurement is strikingly good. A detailed
explanation of the experiment was presented in [362].
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Table 59 Operating parameters for the structures of the two energy stages

Structure G [MV/m] P [MW] T [ns] BDR [1077 /pulse]
380 GeV 72 60 244
3 TeV 100 61 244 3

G is the beam-loaded accelerating gradient, P is the input power for the beam-loaded accelerating gradient, 7 is the total RF
pulse length, and BDR is the breakdown rate in units of breakdowns per pulse.

A.5.3 Summary

The campaign of experiments at FACET and FERMIQElettra proved extremely fruitful:

1. It demonstrated the effectiveness and the portability of global system identification and beam-based algorithms

2. It validated the design of the CLIC accelerator structure with respect to the heavy damping of high-order modes

3. It validated the numerical wakefields calculation by 3-D electromagnetic codes, and increased our trust in these
codes.

A.6 Performance of high-gradient accelerating structures

Accelerating gradient is one of the most influential parameters in determining the performance and cost of CLIC.
The two fundamental phenomena limiting gradient in a normal conducting accelerating structure are breakdown,
also known as vacuum arcing and pulsed surface heating. A multi-decade effort by the CLIC collaboration has
been made to understand these phenomena and demonstrate in test devices and prototype accelerating structures
that the design gradient for CLIC can be met. In addition, supporting gradient results have been achieved in
relevant RF systems of linacs dedicated to other applications. This section gives an overview of the theoretical
background and critical issues for high-gradient accelerating structure testing and feasibility demonstration. A
near-comprehensive table of prototype testing results is also presented.

There are two types of accelerating structures for CLIC; one optimized for the 380 GeV energy stage, also used
for the 550 GeV energy stage, and the other initially designed for the 3 TeV energy stage and now foreseen for
part of the 1.5 TeV energy stage. The structures are described in Sect. 4.5.3, and the corresponding key operating
parameters are summarized here in Table 59.

For a given fabrication technology, the field holding capability, and consequently the achievable accelerating
gradient of a specific structure design, depends on its geometry. Quantitative models based on the power flow
of this geometrical dependence are described in [363, 364]. More generally, the fundamental breakdown processes
are described in a comprehensive review [365]. The strongest geometric dependence of the accelerating gradient is
on the structure aperture, with a smaller aperture giving a higher and a larger aperture giving a lower gradient.
Through overall facility optimization, the 380 GeV structure has a larger aperture than the 3 TeV structure, as
listed in Table 4.5.3, with a correspondingly lower accelerating gradient as listed in Table 59. Both structure types
have been tested and operated in the CLIC structure development program. Historically, 3 TeV structure tests
were carried out first due to the earlier emphasis on demonstrating the feasibility of the 3 TeV CLIC design. The
focus of the tests shifted to the 380 GeV structure as the energy staging of the CLIC project was elaborated. In
addition, the 3 TeV structure was developed in two basic iterations.

Testing for structures has been carried out first without higher-order-mode damping waveguides (so-called
undamped structures), then in structures with higher-order-mode damping waveguides and finally including the
damping waveguide terminating loads. So far, the last has been carried out in a limited way for the 3 TeV structure,
and the first was skipped for 380 GeV structures. The logic for this sequence is that the basic level field holding
capability of the design is determined by the iris aperture, and undamped structures are the simplest and least
expensive to fabricate. Hence, undamped structures were tested first. Damping features have a predicted reduction
in performance, essentially through lowering the shunt impedance, but also possibly by unexpected phenomena, for
example, due to side effects caused by the increased mechanical complexity of including the damping waveguides.
Thus, testing of damped structures is an important second step. The third, and final step, is to include the
waveguide terminating loads. These loads are placed far from the high field regions of the cavity, so are expected
not to affect the achievable accelerating gradient. However, the loads require adaptation and further complexity
of the mechanical design of the accelerating structures, so the absence of any side effects must be demonstrated.
Additional design details, such as the type of input and output power couplers, have evolved during the testing
program.

In addition to RF design, fabrication technology can have a strong influence on achievable gradients. A common
feature of all the test and prototype structures described below is that for the individual cells, the final machining

@ Springer



6608 Eur. Phys. J. Spec. Top. (2026) 234:6473-6652

step is made with single-point diamond turning and milling in the case of structures with higher-order-mode
damping waveguides. The initial and majority of structures were joined by diffusion bonding at 1040 °C. Later
test structures were joined using silver brazing at 850 °C. The brazed structures performed as well as the bonded
ones.

Another issue to introduce before continuing to the performance results, is that the accelerating gradient
specification is accompanied by pulse length specification as well as a breakdown rate requirement. The relation
amongst these parameters is discussed extensively in Refs. [363, 364] and is described by the relation BDRaE3075.
BDR is the breakdown rate, the average number of breakdowns divided by the number of pulses in a measurement
window, F is the field level and 7 is the pulse length. As a practical matter, experiments are inevitably carried
out at different combinations of these parameters, but results can be compared to each other by scaling using the
dependency presented above. This is particularly the case for the breakdown rate. The breakdown rate per meter
requirement for CLIC is quite low, O(10~7) for 3 TeV, in order to limit the loss of luminosity due to breakdown.
The CLIC main linacs are quite long and a breakdown anywhere will cause loss of luminosity on that pulse. A
practical consequence is that it has often been necessary to operate structures at a breakdown rate higher than
the CLIC specification due to limited testing time.

High-gradient test results, organized by structure type, are presented are summarized in Table 60. More infor-
mation about the test of these structures, analysis of high-field behavior more generally and the performance of
related structures can be found in the non-exhaustive list of references [366-378].

The tests of undamped 3-TeV structures show that gradients well over 110 MV /m are feasible. Adding damping
features results in the roughly 10% reduction in gradient expected from changes in RF parameters. The damped
structure gradient is somewhat below specification when the 15 MV/m beam loading is considered. For this
reason, a 10% reduction of high-field limits was taken when designing the 380-GeV structures. The first 380-GeV
structures, which directly include higher-order-mode damping features, currently under test are already fulfilling
specifications.

All the results presented above were taken during tests where no beam was present. To achieve high RF-to-beam
efficiency in CLIC, beam loading is very high, resulting in the difference of 20 MV /m between loaded and unloaded
gradient described above for the 380 GeV structure. Beam loading in travelling wave structures is not spatially
uniform but results in field levels that are reduced in the downstream part of the structures, although fields are
unchanged at the upstream end of the structure. In order to obtain a conservative feasibility demonstration, the
tests have targeted the input power which would give the design gradient with beam loading. A dedicated test of
the effect of beam loading on breakdown rate is described in [379].

A.7 Damping rings

The main challenge of the Damping Rings (DRs) is the generation of ultra-low emittances in all planes in order
to achieve the high brightness beams required for the linear collider luminosity production. In Fig. 108 [380], the
transverse geometrical emittances of low emittance rings in operation (red) and design are presented. In recent
years, it is apparent that, in particular, the new generation light sources are approaching and even superseding
the horizontal emittance target of the CLIC DRs, whereas the vertical emittance has been reached in operating
storage rings. What differentiates the CLIC DRs compared to other low emittance rings, is the necessity to reach
these emittances simultaneously, and having a low longitudinal emittance, translated to bunch lengths, of below
2 mm.

This high beam brightness drives the design choices of the DRs. The approach is to design a compact ring,
attaining a sufficiently low emittance taking into consideration collective effects, such as Intra-Beam Scattering
(IBS), e-cloud or even space-charge, which dominate the emittance evolution along the 20 ms cycle. In this
respect, all the design parameters including optics were carefully chosen and optimised in order to mitigate
the impact of collective effects [57, 58]. In particular, an effort was made to reduce the effect of IBS on the
“zero-current” emittance. A further improvement can be made by replacing the arc bending magnets with ones
including a variation in the longitudinal plane and considering wigglers with even higher field in the straight
sections.

The natural lattice choice for the arc optics are the Theoretical Minimum Emittance (TME) cells [59], which
can provide very small emittances, as well as high compactness. The horizontal emittance can be further reduced
below the TME limit by considering dipole magnets with longitudinal variable bending field [65, 66, 381-384].
Based on an analytical evaluation [67] and magnet design considerations [68], an optimised trapezium bending
radius profile is employed, i.e. with parabolic field evolution in the edges and constant in the centre.

A.7.1 Optimization of the arc TME cell

In the considered arc cell, the dipole length is L = 0.58 m and the maximum dipole field is 2.3 T. When the uniform
dipoles of the current design are replaced by variable bends, the resulted emittance is lower than the required one.
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Table 60 High-gradient testing results for CLIC-type structures

Energy Stage Structure Type Gradient [MV /m] Pulse Length [ns] BDR [10~7 /pulse]

3 TeV T18 90 230 13
T18 110 230 770
T18 102 252 8
T18 105 230 16
TD18 87 252 20
TD18 85 230 24
T24 120 252 15
T24 85 230 20
T24 80 200 50
T24 110 252 13
TD24 105 252 60
TD24 100 250 3
TD24 100 252 12
TD26 100 250 69
TD24open 97 200 50
TD24 103 525 3.7
TD24 104 252 8.3
TD26 113 200 80
TD26 110 100 120
TD24SiC 94 100 10°
T24 121 200 750
T24 113 200 180
TD24SiC 105 50 50
TD24 95 150 70
TD24 98 100 200
TD24 97 200 150
TD24 100 60 250

380 GeV *TD31 75 60 10
*TD31 84 212 179
*TD31 84 100 179

‘T’ denotes undamped structures and ‘TD’ damped structures. An asterisk before the structure type indicates the test is
underway at the time of writing. The results are presented in approximately chronological order.

In this case, the subtraction of some TME cells from the existing arc is possible. Actually, the number of dipoles
(i.e. total number of TME cells) can be reduced to such an extent that the required emittance is still achieved,
thereby resulting in a shorter ring.

As soon as the characteristics of the dipole are fixed, the drift space lengths are chosen [67]. Afterwards, it is
necessary to find the phase advances that guarantee low chromaticities and small quadrupole strengths. Keeping
in mind that a modified TME cell with a combined function dipole, i.e. having a small defocusing gradient, has a
positive impact on the IBS effect [385] assists in choosing the proper phase advances. The parametrization with the
emittance showed that the quadrupole strengths for which f; <0 and f5 > 0, can only be found for p, < 0.5- 2.
Another reason that renders larger phase advances inappropriate is that they result in huge anharmonicities.
A good compromise for the horizontal phase advance is to be around 0.43 - 27 and for the vertical phase advances
to be always below 0.5 - 27w. After a detailed scanning of the cell characteristics, the horizontal and vertical phases
advances of the TME cell are respectively chosen to be around 0.44 - 27 and 0.1 - 27, corresponding to an emittance
reduction factor that is €, = 6.5. Taking into account the fact that for the designed variable bend it is Fry g = 7.1,
emittances smaller than the ones of the current design with the uniform dipoles, are reached. In this respect, it
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was possible to reduce the number of dipoles down to Ny =90 for the case of the designed trapezium profile with
2.3 T maximum field.

A.7.2 Optimization of the FODO cell

The damping wigglers are necessary for achieving low emittances within a fast damping time. Each FODO structure
of the straight section accommodates two wigglers. The use of super-conducting technology is mandatory in order
to have a high wiggler field and a relatively short period for obtaining low emittances and fast damping time.
The super-conducting magnet wigglers used in the current design have a B,, = 2.5 T peak field and A\, =5 cm
period [71]. A prototype wiggler with these characteristics was build by BINP and installed and tested in the
ANKA storage ring, in particular for the cooling principle [70].

It was further shown that by targeting higher wiggler fields not only the emittance but also the IBS effect can
be reduced [58, 283]. Taking into account the optimization of the arc cells and the fact that the emittance with
IBS is significantly lowered after increasing the wiggler’s peak field, the FODO cells per straight section can be
reduced from 13 down to 10. The plots in Fig. 109 show the MADX results of the parametrization of the steady
state transverse emittances including the IBS effect with the wiggler peak field B,,, starting from the 2.5 T, i.e.
the field of the existing wiggler design, for the 10 FODO cells. Clearly, the wiggler field increase corresponds to a
significant reduction of the IBS effect, through the minimisation of the damping time. Regarding the fact that the
required output emittance is 500 nm-rad, a new working point for the damping wigglers that complies with the
technological restrictions is proposed to be at 3.5 T and with a 49 mm period length. This design necessitates a
different wire technology, using NbzSn material [283].

A.7.3 Optical functions and new design parameters

The final lattice, with a smaller number of dipoles and wigglers than the ones of the existing design, is the one
designed for the re-baselining exercise. In Fig. 110 (left), the matched optics, i.e. horizontal dispersion, horizontal
and vertical beta functions, are plotted for one arc TME cell. On the top part of the figure, a schematic layout
of the cell is presented, showing the two doublets of quadrupoles and the sextupoles that are placed between the
two mirror symmetric defocusing quadrupoles and between the dipole and the focusing quadrupoles. In Fig. 110
(right), the matched optics of the dispersion suppressor-beta matching section followed by the wiggler FODO cell,
are presented.
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The parameters of the original design and the alternative one are displayed in Table 61. Note that for the
nominal bunch charge, all emittance targets are reached, including IBS, as calculated by the Bjorken-Mtingwa
formalism through MADX. Due to the larger bunch population of N, = 5.7 x 10° for the case of low energy CLIC
and Vpp = 6.5 MV [7], the final emittances are increased up to 536 nm and 6.5 nm in the horizontal and the
vertical plane, respectively. One of the main advantages of the alternative design is that the damping ring becomes
around 20% shorter. In addition, the damping times are significantly reduced and this is quite beneficial for all
collective effects, including IBS.

A.8 Impact of stray magnetic fields

Another source of luminosity loss which has been investigated is the effect of external dynamic magnetic fields
(stray fields).

A.8.1 Tolerances

Simulations of sinusoidally varying stray fields experienced directly by the beam have shown nT tolerances to
remain within a 2% luminosity loss budget [82, 386—388]. Shown in Fig. 111 is the tolerance for the long transfer
line in the RTML, with and without a correction in the TA - discussed in Sect. A.8.3. The tight tolerance arises
from the relatively weak focusing and long drifts in the transfer line. A minimum tolerance of approximately 0.1
nT corresponds to the stray field wavelength approaching the betatron wavelength of the lattice.

Shown in Fig. 111 is the tolerance for a stray field in the ML and BDS, along with the effect of shielding the
BDS - discussed in Sect. A.8.3. Two types of stray fields have been considered, those which are symmetric about
the TP (Cosine) and those which are anti-symmetric about the IP (Sine). Sine-like stray fields introduce an offset
at the IP, which is not present for cosine-like stray fields, generally leading to tighter tolerances. The sensitivities
in the tolerance for the ML and BDS come almost exclusively from the BDS, particularly in cases where the stray
field wavelength resonates with the betatron motion at locations in the BDS where the beta function is large, such
as the collimation section and bends before the final focus. The minimum tolerance observed is approximately
0.1 nT for sine-like stray fields and a tolerance of approximately 1 nT emerges for coherent (long wavelength,
cosine-like) stray fields.
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Table 61 Design parameters
for the original and the
improved designs of the
CLIC DRs, for the case of
fRF =2 GHZ and

N, =5.7 x 10°
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Parameters, Symbol [Unit] Uniform Trapezium
Energy, F [GeV] 2.86

Bunch population, Ny, [10°) 5.7

Circumference, C' [m] 427.5 359.4
Basic cell type in the arc/LSS TME/FODO

Number of arc cells/wigglers, Nq/N,, 100/52 90/40

RF Voltage, Vrr [MV] 4.50 6.50

RF Stationary phase [?] 62.3 63.0
Harmonic number, h 2850 2398
Momentum compaction, o [1074] 1.3 1.2

Damping times, (¢, 7y, 71) [ms]

Energy loss/turn, U [MeV]

Quadrupole gradient strengths, (ki1, k2) [T/m]
Phase advances per arc cell, (i, ty) [360°]
Horizontal and vertical tune, (Qz, Qy)

Horizontal and vertical chromaticity, (2, £y)

Dipole length, Lq [m]

Dipole field, (Bmin, Bmas) [T]
Lengths and bending radii ratio, (A, p)
Emittance reduction factor, Fry g

Normalized gradient in dipole [m~2 or T'/m]

Wiggler peak field, By, [T]
Wiggler length, L, [m]
Wiggler period, Ay [cm)]

Normalized horiz. emittance, ye, [nm-rad]
Normalized vert. emittance, ye, [nm-rad]
Energy spread (R.M.S.), o5 [%]

Bunch length (R.M.S.), o5 [mm]

Longitudinal emittance, € [keVm]

Normalized horiz. emittance, ye, [nm-rad]
Normalized vert. emittance, ye, [nm-rad]
Energy spread (rms), os [%)]

Bunch length (rms), o [mm]
Longitudinal emittance, ¢ [keVm]

IBS factors hor. /ver. /long.

(1.98, 2.05, 1.04)
4.0

(—26, 53)
0.408,/0.050
(48.35, 10.40)
(—113, —82)
0.58
(0.97,0.97)
(1,1)

1

~1.1or —10.5
2.5

2

5.0

without IBS
312.2

3.3

0.11

1.4

4.4

with IBS
478.9

5.0

0.11

1.5

4.7
1.53/1.52/1.08

(1.15, 1.18, 0.60)
5.8

(—29, 56)
0.442/0.100
(45.61, 13.55)
(—169, —51)

(0.69, 2.32)
(0.04, 0.29)
7.1

3.5

4.9

438.46
3.3
0.13
1.3
4.6

535.9

6.5

0.13

1.3

4.8
1.22/1.96/1.05

A.8.2 Sources and measurements

Sources of stray fields can be classified as man-made or natural. Natural sources of dynamic stray fields typically
have a coherence length of 100 km or longer. The frequencies of most of the natural sources are below 1 Hz. Such
stray fields can be effectively mitigated with beam-based feedback systems. A review of natural sources above 1 Hz
[390] concludes that they occur infrequently (less than once a month) or typically have pT amplitudes and are

therefore within the tolerances. Natural sources should not pose a serious problem for CLIC.

Man-made sources can either be an environmental source, which is a piece of equipment that produces a stray
field, but is not an element of CLIC, or a technical source, which is an element of CLIC. Examples of environmental
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Fig. 112 On the left is the average total power spectral density of the background magnetic field measured at 8 different
locations in the LHC tunnel and ALICE detector cavern along with the effective reduction in power due to the currently
designed beam-based feedback system and a 1 mm mu-metal coating (with a relative magnetic permeability of 10,000) around
a beam pipe of radius 1 cm. On the right is the square root of the integrated power spectral density, representing the magnetic
field in the LHC tunnel after mitigation

sources are the electrical grid and railways. Other running accelerators can also act as an environmental source,
particularly on the CERN site where there are several other running experiments.

Technical sources, such as RF systems, vacuum pumps and power cables, pose the greatest risk. These are
capable of producing stray fields across a wide frequency range. A campaign to measure the power spectra of stray
fields with an emphasis on technical sources has been carried out.

To characterise a background magnetic field, the power spectrum in the LHC tunnel and ALICE detector
cavern was measured. This is shown in Fig. 112 along the effect of different mitigation techniques - discussed
in Sect. A.8.3. Although this measurement doesn’t replicate the exact magnetic environment of CLIC, it does
represent the magnetic field that can be expected underground and in the presence of technical equipment and
environmental sources. There is a significantly larger magnetic field in the ALICE detector cavern, highlighting
that the detector can act as a technical source.

A.8.3 Mitigation

The sensitivity to stray fields arises in the RTML transfer line and BDS. The ML was the most robust section
with respect to stray fields, with tolerances on the order of p'T. There will also be an additional benefit in the ML
of magnetic shielding provided by the copper walls that form each cavity, suggesting that an effective mitigation
strategy can be obtained by targeting just the RTML transfer line and BDS. Two mitigation techniques are
anticipated: a beam-based feedback system that will act across the entire accelerator, and a metallic coating of
the beam pipe for magnetic shielding. The coating will only be applied to particular sections. Calculations of
tolerances with different mitigation techniques are presented in [388].

A beam-based feedback system is modelled as an effective reduction in the power spectrum of the magnetic
field. This is a simplification as the beam-based feedback does not act directly on the magnetic field, but its effect
is equivalently modelled as a suppressed power spectrum. The effective reduction in power that the currently
designed feedback system would provide on the magnetic field in the LHC tunnel is shown in Fig. 112. The largest
contributions to the magnetic field are the harmonics of 50 Hz coming from the electrical grid. The feedback
system mostly cures these harmonics, however there is some amplification of the frequencies in between due to the
feedback system.

The effectiveness of a metallic coating with a material of high magnetic permeability, such as mu-metal, is under
investigation. The effect of a 1 mm mu-metal coating on the magnetic field in LHC tunnel, shown in Fig. 112
is to reduce the effective magnetic field experienced by the beam to within the 0.1 nT tolerance of CLIC. This
technique is well suited for long drifts and would be an effective strategy for mitigation in the RTML transfer line.
It is expected that a stray field would not be able to penetrate through a magnet to influence the beam, therefore
shielding the drifts only would suffice. Figure 112 shows the effectiveness of the mu-metal shield increases with
frequency, which means frequencies above 300 Hz will be suppressed heavily.

The RTML transfer line will be parallel to the ML and the Drive-Beam Decelerators. Because of this, the optics
of the RTML transfer line has been designed to reduce any effect stray fields associated with the decelerators could
have. By ensuring a 90° phase advance between decelerators, any periodic perturbation from the decelerators would
cancel. A feedforward trajectory correction could also be applied in the RTML TA. Figure 111 shows the tolerance
can be increased by roughly two orders of magnitude with a feedforward correction.
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A mu-metal shield can also be applied to sections of the BDS. As shown in Fig. 111, the tolerance can be
increased by two orders of magnitude by surrounding the BDS with a perfect shield. It may not be necessary to
shield the entire BDS, an order of magnitude increase in the tolerance can be obtained by shielding just the bends
in the BDS [388].

The exact design of the mitigation has to be optimised taking into account the detailed technical design of
components, and a measurement campaign to characterise a realistic power spectrum of magnetic fields for CLIC
would likely be needed during the construcion phase. However, from the preliminary studies carried out, it is
expected that a combination of beam-based feedback and magnetic shielding will be able to effectively mitigate
the effects of stray fields.

Appendix B High-gradient and X-band applications
B.1 Introduction

The CLIC linear collider project has developed a significant body of high-performance linac technology, in particular
in X-band and high-gradient RF accelerating systems. Although developed for the project, CLIC has made a
significant effort to encourage the transfer of this technology to other applications. The main objective for the
transfer effort has been to leverage the direct development investment in CLIC by the much greater resources
available cumulatively in small and medium-scale projects. In addition, the near and medium-term timescales of
such projects provide a steadier and larger market for commercial suppliers of components and processes needed
for the high-gradient accelerator technology. This helps build the commercial base for an eventual linear collider
in a more substantial way than direct development resources would alone.

This transfer of high-gradient and high-frequency technology has been quite successful and the technology is
now being applied to a wide range of applications outside of high-energy physics. The transfer has been carried
out through various means. These include federating a community by initiating and organizing the International
Workshop on Breakdown Physics and High-Gradient Technology and hosting of engineers and scientists from
other projects at CERN. Technology transfer has also been encouraged by sharing designs of components and
systems through open hardware licenses. This successful technology transfer shows how developments driven by
fundamental science can spread to applied science and direct societal applications.

There are three main areas to which the technology has spread. The first is to high-gradient test stands. A
number of such test stands have been built where prototypes for future projects are validated. In some of these
test stands studies are carried out on the fundamental processes of high fields like breakdown, field emission and
pulse surface heating. The prototype testing and fundamental studies carried out in the CLIC test stands provide
reference testing protocols, measurement and data analysis techniques so that results from different devices at
different laboratories can be compared and benchmarked against know performance standards.

The second area of technology transfer is to the development of beam manipulation devices which need either
high-gradients and/or high operating frequency. Such devices include energy spread linearizers, deflecting cavities
for longitudinal bunch profile measurement and energy spread compressors. They are used in high-performance
linear accelerators such as free electron lasers. In addition to the devices themselves, the rf powering stations
closely resemble those of the CLIC test stands.

The third area where CLIC-heritage technology is used is in high-gradient linacs. Facilities that benifit from
high-gradient include free electron lasers, inverse Compton scattering sources, light source injectors, test-beam
facilities and medical linacs. The gradients for these facilities range from 30 MV/m to up to 70 MV/m. The high
gradient technology is in some cases included in the initial design but in others is used to provide an energy
upgrade to a facility. The latter is often the case where an energy upgrade must fit within the space of the original
linac.

A special edition of the European Journal of Physics entitled X-Band and High-Gradient Technology covering
some of these projects is under preparation [391].

B.2 Lists of facilities and devices

Non-comprehensive lists of facilities and devices which use CLIC-developed, or CLIC-related technology are shown
in Tables 62-65. Table 62 lists high-power test stands, Table 63 lists X-band and high-gradient beam manipulation
components, Table 64 lists high-performance linacs and Table 65 lists beam test stands.
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Table 62 Test stands
Facility name Host laboratory Target project or application Technical characteristics Status
XBox-1,2,3 CERN CLIC, broad support to X-band - 50 MW, 50 MW, operational
multiple projects, high-gradient both 50 Hz, 2 x 6 MW,
studies 400 Hz. XBox-1 connected
to CLEAR
CTF Sincrotrone FERMI energy upgrade S-band - 45 MW, 50 Hz operational
Trieste
VBox IFIC, University High gradient development S-band - 2 x 7.5 MW, operational
of Valencia 400 Hz
TEX INFN Frascati EuPRAXIA, CLIC, high X-band - 50 MW, 50 Hz operational
gradient development
TEX upgrade INFN Frascati EuPRAXIA, CLIC, high X-band 20 MW HE, C-Band procurement
gradient development 20 MW
Muon collider INFN-LASA Muon collider, HG in magnetic S-band proposal
RF test stand Milano field, cryogenic
Muon collider thd Muon collider, HG in magnetic thd forming
RF test stand field, cryogenic proposal
NEXTEF2 KEK High gradient development X-band - 50 MW, 60 Hz operational
TPOT-X Tsinghua High gradient development X-band - 50 MW, 60 Hz operational
University
XLab Melbourne High gradient development X-band - 2 x 6 MW, 400 Hz operational
University
NLCTA- SLAC High gradient development X-band - 2x50 MW, 2 x operational
XTA, 50 MW, 60 Hz
Klystron lab
CERF-NM Los Alamos High gradient development C-band, 50 MW, 100 Hz operational
AWA Argonne Photoinjector, High gradient C-band to THz, 500 MW operational
development beam-driven
SBox CERN Photoinjector, medical, S-band - 45 MW, 50 Hz operational
high-gradient development
CARIE Los Alamos Photoinjector C-band, 50 MW, 100 Hz construction
Photoinjector PSI Photoinjector C-band - 45 MW construction
test stand
MOTHRA /- UCLA Photoinjector, high gradient C-band - 1-2 MW, cryogenic operational
SAMURI development
Advanced NSRL, University Photoinjector, high gradient C-band - 50 MW design study,
Accelerator of Science and development prototype
Techniques Technology of development
Test-stand China
C-band test SARI, Shanghai Photoinjector, High gradient C-band - 45 MW operational
stand at development, cryogenic
SXFEL
C-band test Radiabeam Product development C-band operational
stand at
Radiabeam
C-band IHEP, Dongguan CEPC injector development C-band cryogenic comissioning
cryogenic
Pulsed DC CERN CLIC, LINAC4 RFQ, pulsed dc operational
fundamental high-gradient
Pulsed DC Uppsala Cryogenic, fundamental cryogenic pulsed dc operational
University high-gradient
Pulsed DC INFN-LASA Muon collider pulsed dc in external operational

magnetic field
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Table 63 Accelerator components
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Facility Host laboratory System type  Technical characteristics ~ Status Comments
FERMI Sincrotrone Trieste  Linearizer X-Band, 50 MW operational
SwissFEL PSI Linearizer X-Band, 50 MW operational
SXFEL SARI, Shanghai Linearizer X-Band, 50 MW operational
LCWS SLAC Linearizer X-Band, 50 MW operational
CLARA Daresbury Linearizer X-band, 6 MW commissioning
FLASHForward, DESY Deflector 1 PolariX, 6 MW operational switchable between
FLASH?2 facilities
ARES DESY Deflector 2 PolariX operational
SXFEL SARI Deflector 5 MW construction
SHINE SARI Deflector 6 x 16 MW construction
AWA Argonne Deflector 10 MW operational
S3FEL TASF, Shenzhen Deflector 5 S-band and 6 X-band planned
LUX Energy S-band proposal First implementation
compressor in S-band
Table 64 High performance linacs
Facility name Host laboratory Application Technical Status
characteristics
SACLA RIKEN XFEL C-band, 8 GeV, 66-+5 operational
units, 30 MV /m
(check)
NewSUBARU RIKEN storage ring injector C-band, 4 units operational
(check)
SwissFEL PSI XFEL C-band, 5.8 GeV, ? operational
units, 28 MV /m
FERMI Energy Trieste XFEL 10 S-band modules (in ~ CDR completed
upgrade upgrade)
FEBE (CLARA Daresbury User facility, XFEL 250 MeV operation, upgrade
phase 2) underway
ARES DESY User facility, short 20-160 MeV, S-band operational
bunch capability with 2 PolariX
SXFEL SARI Soft XRay FEL C-band, 1.5 GeV, 10 operational
units, 37 MV /m
Smart*Light Technical University 1CS X-band, 6 MW, 14 MeV comissioning
Eindhoven
CXLS University of Arizona ICS/XFEL X-band (9.3 GHz), comissioning
35 MeV
CXFEL University of Arizona ICS/XFEL 60 MeV, 1 kHz funded
Thompson source Tsinghua University ICS S-band with X-band operational
(check) energy upgrade, 50
MW
VIGAS Tsinghua University 1CS 50 and 7.5 MW S, 3 x construction
50 MW X-band
FEuPRAXIA INFN Frascati Drive beam for plasma 3 S-band, X-band 8 x prototyping and
accelerator, XFEL 25 MW, 400 Hz procurement

FERMI Energy
upgrade

Sincrotrone Trieste

XFEL +500 MeV
energy upgrade

S-band, 10 modules

approved and
prototyping
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Table 64 (Continued)

6617

Facility name

Host laboratory

Application

Technical
characteristics

Status

AWAKE
DEFT

SAFEST

CompactLight
VULCAN
eSPS

CLIC

Muon collider

c3
AWA

Hefei Advanced

CERN

CHUV/CERN/TH-
ERYQ

Sapienza
Marie Curie/THALES

EU design study

DAES
CERN

CERN, international
collaboration

CERN, international
collaboration

SLAC

Argonne

NSRL, University of

Proton-driven plasma
acceleration

VHEE FLASH
(medical)

VHEE FLASH
(medical)

VHEE FLASH
(medical)

XFEL

Pulsed Neutron source

HEP, dark photon
search

HEP, linear collider
HEP, lepton collider

HEP, linear collider

Compact XFEL, Linear
collider

Linear injector for

18.5 MeV (second line
150 MeV)

X-band, 100-200 MeV
60-130 MeV, C-band
C-band

X-band, 68 units
5.6 GeV 100 Hz,
1.95 GeV 1 kHz

40-50 MeV
3.5 GeV

380 GeV, X-band
High-gradient in high
magnetic field

C-band, cryogenic NC
11.7 and 26 GHz

S-band, 20 modules (40

operational (second line
under procurement)

prototyping and
procurement

prototyping first phase
design study

CDR completed

design study

CDR completed

design study, prototype
development

design study

design study
development

Fully funded, under

Light Facility Science and Technology synchrotron radiation 3-meter S-band construction

(HALF) of China storage ring structures)

HG booster linac Los Alamos HG upgrade of proton S or C-band study

for LANSCE accelerator

UCXFEL UCLA XFEL C-band, cryogenic NC  study

HEPS injector HEPS Beijing, IHEP light source injector 500 MeV S-band construction

CEPC injector ITHEP collider injector 30 GeV S-band design

Table 65 Beam test stands

Facility Name Host Laboratory Technical Characteristics Status Comments

CLEAR CERN Up to 220 MeV, 50 MW Operational X-band system
(connected to XBox-1) on hold

SPARC_LAB INFN Frascati Plasma and XFEL studies 2 S-band, 1 C-band, operational

150 MeV

NLCTA/XTA SLAC 2 x 50 MW Operational

AWA (Advanced Argonne 8-65 MeV (L-band), 2 MeV Operational

Wakefield Accelerator) L-band, 3-10 MeV (X-band)

CYBORG UCLA cryogenic construction

Appendix C Klystron-based alternative design

C.1 Introduction

An alternative design for the 380 GeV stage of CLIC is based on the use of X-band klystrons to produce the
RF power for the Main Linac. On the one hand, this solution increases the cost of the Main Linac because the
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Table 66 Key parameters of

the CLIC accelerating Parameter Symbol Unit Klystron Drive Beam

structures
Frequency f GHz 12 12
Acceleration gradient G MV/m 75 72
RF phase advance per cell Ag ° 120 120
Number of cells N 28 33
First iris radius / RF wavelength ai/A 0.145 0.1625
Last iris radius / RF wavelength az/A 0.09 0.104
First iris thickness / cell length dv/Le 0.25 0.303
Last iris thickness / cell length da2/Le 0.134 0.172
Number of particles per bunch N 10° 3.87 5.2
Number of bunches per train np 485 352
Pulse length TRF ns 325 244
Peak input power into the structure P MW 42.5 59.5

klystrons and modulators are more expensive than the Drive-Beam Decelerator and also because a larger tunnel is
needed to house the additional equipment. On the other hand, it avoids the substantial cost of the construction of
the Drive-Beam Complex and makes the linac more modular. One can therefore expect a competitive cost at low
energies while the Drive Beam solution leads to lower cost at high energies. The upgrade of the complex is cheaper
with a Drive Beam-based design, since the additional cost to upgrade the Drive-Beam Complex to feed a longer
linac is relatively modest. However, an important advantage of the Klystron-based design is that the Main Linac
modules can easily be fully tested for performance when they are received. In contrast, the Drive Beam option
requires the construction of a substantial complex that can produce a 100 A Drive Beam before modules can be
fully tested. The Klystron-based option could therefore be implemented more rapidly than the Drive Beam-based
solution.

The Klystron-based option has not been updated for this Readiness Report, and the parameters are therefore
the same as in the 2018 Project Implementation Plan [5].

C.2 Design choice

The Klystron-based alternative design is based on a study [4] that used the same optimisation tools as for the
Drive Beam-based option. The required changes were made in the algorithms and a cost model included for the
klystrons and modulators. Based on the conclusions of the study a tentative structure and parameter set have
been chosen for this design. The optimum structure differs from the Drive Beam-based design, the parameters are
given in Table 66. If one were to use the same structure as for the Drive Beam-based design, the expected cost
would be about 330 MCHF higher.

The basic unit of the Main Linac consists of a pair of X-band klystrons, a pulse-compressor, an RF distribution
system and a number of accelerating structures, see Fig. 116. The klystrons produce an RF pulse, which is then
compressed in time to match the required RF pulse length. This compression increases the power of the RF pulse
and hence the number of accelerating structures that can be powered per pair of klystrons. However, a significant
amount of power is lost in the compressors. This limits the useful klystron pulse length. The final RF pulse is
then split to feed a number of accelerating structures. For each design of the accelerating structure, the RF input
power and pulse length were used to determine the pulse compressor parameters.

As can be seen in Table 67, the beam emittance, energy spread and charge of the Klystron-based design are very
similar to the 3 TeV parameters, while the bunch is somewhat longer. The vertical emittance is also the same as
for the Drive Beam-based design, while the horizontal emittance is smaller and proportional to the bunch charge.
The number of bunches per train is significantly higher in order to produce the required luminosity.

The evolution of the vertical emittance along the collider is similar to the Drive Beam-based design, while the
horizontal emittance corresponds to the 3 TeV design. The horizontal and vertical emittances remain below 500 nm
and 5 nm at extraction from the Damping Ring, below 600 nm and 10 nm at injection into the Main Linac and
below 630 nm and 20 nm at the end of the Main Linac.
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Table 67 Key beam

parameters at the collision Particles per bunch 3.87 x 10° bunches per pulse 485
point bunch spacing 15 cm bunch length 60 pm
final r.m.s. energy spread 0.35%
horizontal/vertical beam size 119 nm/2.9 nm
Table 68 The main
parameters of the different Sector Number 1 2 3 4 5
lattice sectors
Number of quadrupoles 148 138 76 100 126
Quadrupole length [m)] 04 04 0.4 0.65 0.65
Quadrupole spacing [m] 2.613 4.62 6.63 6.88 8.89

C.3 Design implications

For the Klystron-based alternative the Main Linac has been redesigned to evaluate the cost and verify the beam
dynamics. No design optimisation has been performed for the other systems. We expect this to have a minor
impact on cost and system performance as detailed below.

The Klystron-based injector RF design has to differ from the Drive Beam-based case, in order to accommodate
the longer bunch train. However, the total charge per pulse is the same in both cases. Hence, to first order the
same amount of installed RF is required. However, the choice of accelerating structure and pulse compressor in
the injection system would be slightly different to obtain optimum efficiency.

The single bunch parameters at the entrance of the linac are very similar to the Drive Beam-based design.
The main difference is the lower bunch charge, which helps the emittance preservation, and the smaller horizontal
emittance, which needs to be achieved. Both parameters are very similar to the 3 TeV design and can thus be
achieved with the corresponding design. The bunch length at the start of the Main Linac and afterwards is larger
in the Klystron-based design, which requires less compression in the RTML and eases the system requirements.

The BDS has to provide the same beta-functions in the Drive Beam and klystron-based designs. Hence the
Drive Beam-based design fully achieves the required performance for both options.

C.4 Main linac layout and optics

The Main Linac consists of a sequence of accelerating modules interleaved with modules that support quadrupoles
detailed in Table 68. The accelerating modules are 2.01 m long and support eight structures. Two different types
of quadrupole modules exist, with a length of 0.6 m and 0.85 m. Each of them supports a BPM and a quadrupole
with a length of either 0.4 m or 0.65 m, respectively.

C.4.1 Accelerator physics issues

The beam dynamics of the Klystron-based design do not differ from the Drive Beam-based design. The increase
of the wakefields due to the smaller accelerating structure aperture is, by design, compensated by the reduced
bunch charge and length. The expected emittance growth is shown in Table 69 and the probability distribution in
Fig. 113 [87].

C.4.2 Components

The total number of components is listed in Table 70. The alignment tolerances are the same as for the Drive
Beam-based design.

C.5 Main Linac RF unit

Figure 114 shows the top view of one RF unit installed in the klystron and Main-Linac tunnels, with the detailed
view of the distribution network from the pulse compression onwards. A solid-state modulator delivering 400 kV
and 2 x 190 A drives two 53 MW X-band klystrons (see Sect. 4.4). The RF power from the two klystrons is
recombined and sent to the Main-Linac tunnel beyond the shielding wall, which has been dimensioned to allow
access to the klystron gallery under certain conditions during operation. After having been processed by an 8-cavity
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Table 69 Key alignment specifications for the Main-Linac components and the resulting emittance growth
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Imperfection With respect to Value Acy [nm]
1-2-1 DFS RF

Girder end point Wire reference 12 pm 11.37 11.31 0.07
Girder end point Articulation point 5 pm 1.45 1.45 0.02
Quadrupole roll Longitudinal axis 100 prad 0.04 0.04 0.04
BPM offset Wire reference 14 pm 154.54 14.01 0.10
Cavity offset Girder axis 14 pm 5.51 5.50 0.04
Cavity tilt Girder axis 141 prad 0.10 0.47 0.25
BPM resolution 0.1 pm 0.01 1.03 0.02
Wake monitor Structure centre 3.5 pm 0.01 0.01 0.40
All 176.68 32.72 0.84

The values after simple steering (1-2-1), Dispersion Free Steering (DFS) and realignment of the accelerating structures using
the wakefield monitors (RF) are shown.

Fig. 113 Probability

Emittance growth with all imperfections except beam jitter, with RF alignment (phase 8)

distribution of the emittance 350 " T T
growth for static
imperfections for a Main 300 |
Linac average RF phase of
12° g 20 ,
g 200 g
k]
3 150 1
£
=4
100 g
50 | 8
0
2 3 4
Emittance growth (nm)
Table 70 Key components
for each Main Linac Quadrupoles TO 1456
Quadrupoles T1 362
Quadrupoles T2 226
BPMs 588
Accelerating structures 11648

linearisation system, the RF signal is split in two and delivered to two pulse compression devices, one on each half
of the module (Sect. C.7). The compressed RF pulse is then distributed through two hybrid splitters in cascade
to four of the accelerating cavities by a double-height waveguide system, so to minimise RF losses and the risk of
breakdown.

The numbers in the drawing assume a klystron efficiency of 70%, which is the minimum goal for the development
of high efficiency klystrons [392]; any additional gain in klystron efficiency could then be reflected in a reduction
of the HV level of the modulator pulse and in an increase of the operational margins, with benefits for cost
and reliability. This scheme also can foresee a pulse compression factor of 3.5, obtained by means of two separate
compression cavities of the BOC type, one for each side of the RF module; a well known compression scheme already
used in S-band and C-band RF systems. The RF pulse, compressed in time, reaches 170 MW at the entrance of the
first hybrid splitter and 40.6 MW are delivered to each of the four accelerating structures connected to each BOC
pulse compressor. Some of the fundamental RF devices that have been specifically developed to be integrated into
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Fig. 114 The RF unit: top BOC cavities
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stage

the RF power delivery system include the correction cavity chain, for the linearisation of the compressed pulse
[393], compact spiral loads and high-power hybrid splitters.

The klystron feeding would give an advantage in terms of flexibility for operation, by providing the possibility
to independently set the amplitude and phase of the accelerating field for each module; this flexibility would
not only be restricted to the 380 GeV stage, but could be extended to the higher energy stages by maintaining
the klystron-powered section in front of the BDS, making the control of the colliding beam energy spread more
straightforward.

C.5.1 Upgrade from the klystron-based option

The upgrade from a klystron-based first stage to higher energies is also possible by reusing the klystron-driven
accelerating structures and the klystrons and by adding new drive-beam powered structures. In the klystron-based
first energy stage, the single bunch parameters are the same as for the high energy stages, only the bunch charge
will be slightly reduced at higher energies. Shorter bunch trains need to be accelerated at higher energies, which
does not add any difficulty.

An important difference with respect to the drive-beam powered first energy stage is the placement of modules.
In order to provide the space for klystrons and modulators, the klystron-powered main linac tunnel has to be larger
in radius than the tunnel housing the beam-driven acceleration. Therefore it appears best to extend the main linac
for 1200 m with a large tunnel and then continue with a smaller tunnel. All drive-beam powered modules are then
placed in the smaller tunnel. The klystron-powered structures remain in the large tunnel. They need to be moved
longitudinally slightly in order to adjust the lattice for the high energy, which requires longer quadrupoles with a
wider spacing. The last 1200 m of the linac is moved to the beginning of the large tunnel to provide the space for
the high energy beam delivery system, see Fig. 115.

The impact of the energy upgrade on the main-beam injectors and damping rings is quite small. The bunch
charge at 3 TeV is smaller than at 380 GeV; the difference is at the 4%-level, significantly smaller than for the
upgrade of the drive-beam based machine. At higher energy, the number of bunches per beam pulse is also smaller,
which is straightforward to accommodate. The beam delivery system for klystron- and drive-beam based design
are the same; hence the upgrade path is also the same.

C.6 Technology: the Klystron modules
C.6.1 The Klystron-based module

If a Klystron-based design is adopted for the 380 GeV stage, the acceleration of the two colliding beams, from the
injection energy of 9 GeV to 190 GeV, is provided by a sequence of 1,456 modules for each linac, each module
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Fig. 116 The klystron-based
module with pulse
compression and
linearisation system

Table 71 Summary of beam

and RF structure Beam Parameters Value

characteristics in the

klystron-based accelerator Particles / bunch [x 109] 3.87
Bunches / train 485
Train length [ns] 242
Bunch separation [ns] 0.5
RF Structure Characteristics Value
Cells / structure 28
Structures / module 8
Accelerating gradient [MV /m)] 75
Structure input power [MW] 40.6
Module input power [MW] 340
RF Frequency [GHz] 12

being fed by a dedicated RF power station. The modules are assembled in a FODO lattice with quadrupoles of
two different lengths, 0.4 m and 0.65 m, following the beam energy increase along the length of the accelerator. A
total of 724 short quadrupoles and 452 long quadrupoles are required for the two linacs.

In the Klystron-based design, a single type of module is considered; the module includes a common support for
eight RF accelerating structures, which are coupled two-by-two to form SAS. The total number of SAS required
for the two linacs is 11,648. The quadrupoles in the focusing channel are mechanically independent of the module
itself, being equipped with a dedicated support that, in addition, integrates a stabilisation system capable of
assuring the compensation of ground vibrations. Since those vibrations can strongly affect the beam luminosity at
the IP, the stabilisation system must guarantee a quadrupole stability of the order of 1 nm.

An image of the Klystron-based module is shown in Fig. 116; most RF components used for this module have
been built and are being tested in the X-band test facilities under nominal power conditions.

The accelerating structures are 0.23 m long and require a peak RF power 40.6 MW in the pulse length of 334 ns
(see Sect. 4.5). The choice of the module length is defined by the RF power available from a modulator station
and how that power can be distributed to the accelerating structures. A two-pack modulator equipped with two
53 MW Kklystrons can feed one module made of eight accelerating structures. If the design accelerating gradient
of 75 MV /m is reached in the RF structures, the average energy gain per module is about 135 MeV. The module
length is 2.01 m. The powering system efficiency, from plug to RF delivered to the accelerating structures, is 22.2%.

In a machine where the main source of power consumption is the RF losses in the copper walls of the accelerating
structures, the quest for efficiency represents a crucial task in the design exercise. This starts from the design of the
RF structure cells, which has increased the RF efficiency to 38.2%. The same attention has been given to the design
of the RF network. This has led to the adoption of double-height waveguides, which are effective in reducing the
attenuation by 40% and electric and magnetic fields by 30% with respect to standard-height waveguides. Table 71
gives a summary of the beam characteristics and the RF structures for the klystron-based Main Linac.

Due to the intrinsic inefficiency of the pulse compression process the power dissipation in the Main-Linac tunnel
is increased in the klystron-based module configuration, with respect to the DB accelerator, and is summarised in
Table 72.
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Table 72 Power dissipation

in the klystron-based module Module Component Number Item Dissipation [W] Total Dissipation [W]
under loaded conditions

SAS 4 1,100 4,400

SAS RF Loads 16 178 2,842

Waveguides 1 1,034 1,034

Total per module 8,276

Fig. 117 The layout of RF
unit of the klystron-based -

CLIC Main Linac 2xX-band klystrons

i —

——

Load #1 #2 R Correction

@T:Ll:ig

8xAcceleracting structures

For the Klystron-based configuration, a technical complication and an important contribution to the total cost
of the accelerator arises from the need to have a parallel gallery to the Main-Linac tunnel hosting the klystrons
and modulators. An extensive study compared the two configurations and the technical details of this study can
be found in Sect. C.10.

C.7 Technology: pulse compression system

The layout of an RF unit of the klystron-based Main Linac is shown in Fig. 117. The two X-band klystrons,
mounted on a single HV modulator, produce long RF pulses. These pulses are combined on the 3 dB hybrid into a
single pulse with doubled RF power. The combined RF power is conveyed via waveguide to the Correction Cavities
Chain (CCC). The CCC pre-modulates the shape of RF pulse and then splits it in two with each sharing half
the power. These pulses feed the two BOC-type RF pulse compressors [394]. Each BOC shortens the pulse and
amplifies the peak RF power. This arrangement is chosen in order to reduce the maximal peak power that has to
be transported in a single waveguide system. Finally, these pulses are split and distributed to the eight accelerating
structures.

The combination of the BOC single cavity pulse compressor and CCC allows one to generate efficiently the RF
pulses with a flat top [395]. This system is very compact compared to the SLED II, as it does not require the long
delay lines for the RF pulse-forming network. The use of the CCC with its limited number of elements, however,
provides the pulses with a small residual modulation on the flat top (see Fig. 118, left). To mitigate this effect,
and to enable the required initial ramping of the RF pulse for the beam loading compensation, special RF phase
modulation is applied to the klystron pair (see Fig. 118, right).

The power gain in such a system depends on the frequency, on the quality factor of the BOC storage cavity, on
the duration of the output pulse and on the compression factor — the ratio between input and output pulse lengths.
In Fig. 119 (left), the power gain curve simulated for the system with Qgoc = 2.0 2 10° and Qoce = 4.5 2 104
for 334 ns compressed pulses as a function of the compression factor is shown. For four accelerating structure
per klystron and 40.6 MW per structure, anticipating 90% efficiency of the waveguide RF transmission circuit,
this curve can be translated into one which connects the required peak power and pulse length of the individual
klystron (Fig. 119 right and Table 73.). Following these simulations, the most comfortable parameters for the
high-power klystrons are 51.4 MW peak RF power and 2 ps pulse length.

The X-band version of BOC RF pulse compressor, together with new bowl-type correction cavity prototypes
were developed and built at CERN [396, 397], (see Fig. 120). The X-band BOC will be tested at high RF power
in 2025. As a proof-of-concept, at PSI a 5.7 GHz version of such a system has already been built and tested in
operation at high RF power [378]. An X-band CCC unit based on the coupled spherical cavity pair, has been built
at Tsinghua University in China. It was successfully tested at high RF power at CERN [398].

@ Springer



6624

Fig. 118 The RF pulse
envelopes in a system
without (left) and with
(right) special RF phase
modulation of the klystron
pair

Fig. 119 Power gain vs.
compression factor (left) and
klystron power / pulse
length curve (right)

Table 73 The klystron peak
power and pulse length
adopted for the CLIC
accelerator unit

Fig. 120 X-band BOC
(shown left) and bowl-type
correction cavity (shown
right) prototypes fabricated
at CERN
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C.8 Technology: klystrons and modulators

C.8.1 RF power source for 380 GeV Klystron option

The klystron-driven 380 GeV option will require a high-efficiency RF power source comprising 5,800 klystrons and
2,900 pulsed modulators. Each klystron will provide a peak RF power of 53 MW at a frequency of 11.9942 GHz
with a pulse width of 2 ps and a pulse repetition rate of 50 Hz. The klystrons will be combined in pairs to increase
the peak power available to the pulse compression system, feeding eight structures in the Main-Beam Linac and
allowing control of the amplitude and phase stability. With such a large number of RF units required, efficiency is
imperative in the design of both the klystron and modulator.

An RF unit consists of the following components, which all contribute to the overall operational performance

and cost:

1. Modulator

2. Klystron (4 Klystron Heater Power Supply)
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Fig. 121 High-Gradient Test
Stand facility at CERN,
showing modulator, klystron
and pulse compressor

3. Solenoid Magnet (+ Solenoid Power Supplies)
4. Low-Level RF (LLRF) (+ Klystron pre amp driver)

At present, the high-gradient test stands at CERN [399, 400] are operating on a 24/7 basis showing that the
peak power and reliability requirements are achievable using technology already available from industry. This
includes a commercially available modulator and a high-power X-band klystron, based on the original SLAC XL4
concept [401]. Figure 121 shows a picture of a high-power X-band RF source at CERN.

C.8.2 X-band Klystrons

With recent developments on higher efficiency klystrons [402], a study is ongoing to improve the existing design of
the klystron to achieve an efficiency of 70% while maintaining the required peak power. This will have a significant
impact on reducing the average power required and the physical size of the modulators needed to fit in the tunnel.

The operational parameters for the existing klystron modulator and the future high-efficiency, dual klystron
modulator option are shown in Table 74.

C.8.3 X-band modulators

State of the art modulators using solid-state switching technology have shown that the pulse-to-pulse stability
and pulse flatness requirements for CLIC are already achievable today. The high voltage pulse in the modulator
is generated by charging and discharging many capacitors in parallel using solid-state switches, reducing the DC
voltage requirements on the primary side of the pulse step-up transformer to less than 1.4 kV. This results in
a significant reduction in the volume and footprint of the modulator compared to the traditional 50 kV line-
type modulators, easing the constraints for installation in the tunnel. Figure 122 shows a simplified functionality
diagram of the modulator and klystron system.

Using a pulse transformer implies rising and falling edges on the voltage pulses that are normally not usable for
the RF pulse thus reducing the efficiency of the electrical energy available to 77%. A study is ongoing to see if the
efficiency increases by applying RF during the rise time of the voltage pulse, to fill the pulse compressor cavities.

C.9 Technology: survey and alignment

C.9.1 The Support Pre-alignment Network (SPN)

Figure 123 shows the support pre-alignment Network proposed for the klystron option.
C.10 Civil engineering

The following sections contain information on Civil Engineering and Infrastructure specific to the Klystron option.
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Table 74 Parameters for dual X-band klystron modulator

Main Parameters Existing klystron Future high-efficiency, dual
modulator klystron modulator

RF Peak Power 50 MW 2 X 53 MW

RF Average Power 3.75 kW 2 x 5.3 kW

Pulse Length 1.5 uS 2 uS

Pulse Repetition Rate 50 Hz 50 Hz

Klystron Efficiency 44% 70%

Perveance 1.15 pperv 0.75 pperv

Modulator Voltage 420 kV 400 kV

Peak Pulse Current 2 x 310 A 2 x 190 A

Modulator Average Power 24.597 kW 21.85 kW

Klystron Solenoid Average Power 20 kW 20 kW (1.6 kW)

(Super Conducting Solenoid Average power)

Klystron Heater Power 1 kW 1 kW

Average Power Consumption (5,800 193.131 MW 185.169.4 MW (78.469 MW)

klystrons, 2900 modulators) SC Solenoids

Flat-Top Stability (FTS) +/—0.25% +/—0.25%

Pulse to pulse repeatability (PPR) 0.01% 0.01%

Rise and fall times (trise, tfair) <1 ps <1.2 ps

Klystron

Klystron
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pc-DC Pul |
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Fig. 122 Left: Schematic of solid-state modulator and klystron; Right: Typical voltage and current waveforms achieved in
state-of-the-art modulators

Fig. 123 Pre-alignment . Section View
network sensors Top View
configuration for 380 GeV . i ﬁ
Klystrons option Wires

2 WPS 2 WPS 2 WPS 2 WPS 2 WPS 2 WPS 2 WPS 2 WPS

4 WPS

Injector complex No Drive-Beam Injector is required for the Klystron-based option which simplifies the com-

plex significantly and reduces cost. The Main-Beam Injector complex is similar to the Drive-Beam based design
(Fig. 124).
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Fig. 125 Main Linac cross section for the klystron option

Main tunnel layout and cross section The length of the Main-Linac tunnel is similar to the Drive-Beam option,
however, it does not contain the turn-arounds for the Drive Beam. A larger 10 m internal diameter tunnel is required
to house both the accelerating structures and the klystron modules, separated by a 1.5 m thick shielding wall,
which are connected by waveguides (Fig. 125). In order to minimise the impact of vibrations on the accelerating
modules, a services compartment will be located below the less sensitive klystron modules. At each UTRC along
the tunnel length the 1.5 m thick shielding wall will contain a contractible section that can be slid out during long
shutdowns to allow vehicle access between the two tunnel compartments.

The air supply ducts and refrigeration units will be located within this service compartment, which is accessible
from the UTRC and UTRA caverns. Access will be provided to these compartments at intervals of 880 m via the
UTRAs and UTRCs for general maintenance of services. Provisions are required to allow diffusers to be located
every 20 m on both sides of the tunnel. A typical cross-section of the klystron Main-Linac tunnel with access to a
UTRA is shown in Fig. 125. Smoke extraction duct and sprinkler integration still required.

BDS and interaction region This region is basically the same for both the Drive Beam and Klystron options.
However, for efficiency, the cross-section of the BDS tunnel for the klystron design will have a larger internal
diameter of 10 m. This allows the use of the same TBMs for the Main Linacs and the BDS.

Construction and installation methods It is envisaged that the construction method for the Klystron option will
be the same as that used for the Main-Linac tunnel, however, once the excavation and tunnel lining is complete
the installation of the smaller civil engineering works will differ. As seen in Fig. 125 the klystron option will
require a larger concrete invert with a service compartment cast in. The concrete invert will be separated into
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Fig. 126 Klystron machine, HVAC schematic
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two sections with a compressive filler between each. The construction of the shielding wall will be staggered with
the construction of the concrete invert to allow time for the concrete to cure. This will then be followed by the
installation of any internal structural steelwork required for the cooling and ventilation services.

C.10.1 Cost consideration

The major differences between the Klystron-based option in comparison to the Drive Beam option are; larger cost
for the Main-Linac tunnel for the former due to the increased tunnel diameter and a lower cost for the Injector
Complex due to the removal of Drive-Beam Injector infrastructure.

C.11 Cooling and ventilation

Tables 77 to 82 are the Klystron-option versions of the tables presented in Sect. 5. Note that there is no drive
beam generation complex for the klystron option, therefore there is no “Sector 1” in the tables.

Tables 77 and 78, outline the main cooling circuits, the associated cooling powers and flow rates for each sector.

The chilled water circuit specifications are provided in Table 79.

Table 80 shows the main parameters of the ventilation systems for klystron machine during run mode.

The operational parameters for the underground areas are listed in Table 81, for the particular case of run
mode.

The operational parameters for the ventilation of the surface buildings are listed in Table 82 for the run mode.

C.11.1 Heating, ventilation and air conditioning

Accelerator gallery The ventilation concepts for the klystron and the Two-Beam machines are similar: different
systems cover the operational modes as mentioned above.

During shutdown, air-handling units (AHUs) placed at the surface force a push and pull arrangement, similarly
to the system described for the Two-Beam machine. The local air handling units are not running.

During run mode, air is treated by a number of AHUs cooled by chilled water and located in the service
compartment below the tunnel floor. These units are connected to diffusers located at the tunnel invert level in
the klystron and accelerator tunnels. Extraction units (EXU) located in the UTRAs and shaft surface buildings
drive the air from the tunnel to the service compartment, where it is discharged. A schematic is presented in
Fig. 126. Presently, the units in the UTRAs are not redundant due to space issues.

C.12 Transport and installation

It is anticipated that transport operations for the installation of equipment in the klystron option will be considered
on two fronts; the klystron module installation and the accelerating structure installation as shown in Fig. 125 on
the left and right sides of the tunnel cross section respectively.

C.12.1 Surface

The most notable change for the klystron design is the removal of the Drive-Beam Injection complex. This will
considerably reduce the number of cranes required and the number of items to be transported on the surface. The
removal of the Drive-Beam building seen in Fig. 86 will lead to the removal of the Drive-Beam Injection overhead
cranes identified in Table 49.

C.12.2 Underground

The number of modules to be transported in the tunnel presented in Table 75.
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Table 75 Modules for the

380 GeV stage, Klystron Type of equipment Number
machine
Modules 2,912
DB quadrupoles -
MB Short quadrupoles 724
MB Long quadrupoles 452
Total 4,088

C.12.3 Cost considerations

The major difference between the two-beam and the klystron 380 GeV options is the requirement for klystrons
and modulators within the main tunnel. A smaller diameter tunnel is required for the Drive Beam option with
a large amount of machine modules to be transported and installed, and, the requirement for a surface Drive
Beam Injector complex with a 2 km long building. Whereas, for the Klystron solution we are considering the Main
Linac as two separate tunnels (no access from one side to another) with smaller machine equipment but equally
challenging Klystron modules in the other part.

Main Beam side The dimensions and weight of the modules and magnets that need to be transported requires the
development of special equipment similar to that identified in the Drive Beam option. Specialized equipment will
allow one to achieve the highest rate of installation compatible with the constraints identified in the CDR [55].
These operations will not significantly differ from that of the Drive Beam option, it is foreseen that the transport
vehicles will be equipped with an automated guidance system. A clear interconnection plane between the modules
is necessary to allow each module to be lowered into position without interfering with adjacent modules, supports
are installed before installation of the modules.

Klystron modules: maintenance and installation Two options were considered for the maintenance of the klystron
modules, the first option requires a continuous monorail to be installed above the solenoids. To allow extraction
of the solenoids, hoists are foreseen. It is essential that there is adequate clearance above the solenoids to extract
them from the modulator tanks, therefore, the tunnel diameter and cross-section have been designed accordingly,
see Fig. 125. As the solenoids are expected to be extracted relatively frequently, in comparison to the other klystron
components, it is recommended to have a fixed maintenance solution installed within the tunnel.

On the other hand, as the monorail requires fixing before installation of the equipment can begin, the mounting
accuracy of the solenoids would need to be defined beforehand. Therefore, the solenoid design must be adapted to
include lifting points located directly below the hoists. The fact that the continuous rail is located throughout the
entirety of the 380 GeV tunnel means that obtaining the desired accuracy will be a significant challenge. Further
integration studies will be required if this installation scenario for the Klystron option is selected.

The preferred solution is the use of traditional transport means such as forklifts (jib instead of fork) or pallet
trucks. Although this method of transportation is more flexible, it is currently limited by space constraints. For
both of these maintenance approaches there is a requirement to ensure the necessary space needed for operation
is available. It is essential that adequate space be provided to allow the transportation of the solenoids subsequent
to extracting them with hoists, forklifts or other equipment.

More information and details of the transport systems will be provided after a detailed design of the tunnel
services mounted on the ceiling has been done. Also clarification of the modulator tank and solenoid design as well
as the necessity for the electrical racks is required.

C.13 Safety systems during operations

It is to be noted that, while many of the hazards identified are common to both the Drive Beam and Klystron
options for the 380 GeV stage, there are some significant differences, and the klystron-option specific issues have
been highlighted below for the relevant domains.

C.13.1 Chemical hazards
The most significant hazard identified for the klystron option is the large quantity of oil in the HV tanks for the
klystron and modulator assemblies. There will be 800-1000 litres of o0il in each of the 2912 modulator assemblies.

This is currently expected to be a highly refined mineral oil, capable of withstanding the high voltages. The
mitigation strategies are as described for the two-beam option in Sect. 5.
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Table 76 The 2018 PIP [5]

cost breakdown for the Domain Sub-Domain Cost [MCHEF]
380 GeV stage of the CLIC ]
accelerator, for the klystron Injectors 175
option Main-Beam Production Damping Rings 309
Beam Transport 409
Main Linac Modules Main Linac Modules 895
Main Linac RF Main Linac Xband RF 2788
B Deli 4 Beam Delivery Systems 52
eam Delivery an . .
Post Collision Lines Final focus, Exp. Area 22
Post-collision lines/dumps 47
Civil Engineering Civil Engineering 1479
Electrical distribution 243
d Ali t 14
Infrastructure and Services Survey an tenment 7
Cooling and ventilation 410
Transport / installation 36
Safety systems 114
Machine Control, Protection Machine Control Infrastructure 131
and Safety systems Machine Protection 8
Access Safety & Control System 23
Total (rounded) 7290

C.13.2 Fire safety

The strategy for the klystron option has to be adjusted due to the requirement for large quantities of flammable
electrical insulating oil within the tunnels, as this represents an additional and very significant fire load. The
longitudinal fire compartment spacing will be the same as for the Drive Beam option, however the cross section
will additionally be divided into three separate compartments, corresponding to the Klystron side, the Accelerating
Structure side and the Service Compartment below. Sprinklers will be required in the Klystron side of the tunnels,
covering the Klystrons, modulators and the oil retention basins. Fire detection will also be required in each the
separate compartments of the tunnel, and hot smoke extraction will at minimum be required in the Klystron and
Accelerating Structure compartments.

C.14 Radiation protection
C.14.1 Parasitic X-ray emitters

The klystron option introduces a klystron gallery running parallel and close to the Main-Beam tunnel. The gallery
will be closed during beam operation, but will remain accessible during certain operational conditions without
beam. While the distances between klystrons and RF cavities are kept short, minimum shielding is required for
radiation protection when the RF cavities in the Main-Beam tunnel are powered. The maximum dose rate in
the gallery, will be compliant with a Supervised Radiation Area, therefore the radiation levels must not exceed
3u Sv/h.

The driving parameter for the shielding dimension is the expected dark current generated by the electric field in
the accelerating structures and the level and spectrum of the produced X-rays. This source term cannot be easily
determined and requires a study of the operational conditions taking into account the experiences gained during
the development and testing of the prototype RF structures.

The input parameters for a first radiation transport study were based on data from CLIC-type RF structures
operated at the X-band facilities at CERN, where average dark currents of about 10 nA per structure were
measured. The dark current was scaled to a full module, consisting of 8 structures, and a scaled energy spectrum
was used from tracking studies for a single structure.
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Fig. 127 The 2018 PIP [5]
cost breakdown for the
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Table 77 Primary circuit specifications, Klystron Machine

M Main-Beam Production

6631

Drive-Beam Production

Main Linac Modules

Main Linac RF

Beam Delivery, Post Collision Lines

Civil Engineering

Infrastructure and Services
Machine Control, Protection

and Safety systems

Cooling Power Flow Rate
Sector Structure 3
MW m°/h
Accelerator - Klystron 25 2670
Accelerator - LINAC 27 2930
Main Tunnel (other equipment) 24 2610
Injection Hall and Transfer Lines - et /e~, Loop, J.P to S.P (P&ID Circuit B) 5.9 640
2/3 Detectors S 0.9 100
Detectors U 2.0 230
Chillers Refrigeration - Buildings IP 1.7 190
Chillers Refrigeration - Main tunnel 7.0 750
Chillers Refrigeration - Detectors Hall S/U, Injection Hall, Transfer Lines - 2.2 240
Loop and J.P. to S.P. (P&ID Circuit A)
Main Tunnel Purge 3.6 390
Main Beam Injector U 3.9 420
Main Beam Injector S 5.1 560
4 Booster S/U, Damping Ring e~ S/U, and Transfer Line - Booster to J.P. 11.2 1210
Pre Damping Ring S/U, Damping Ring e+ S/U 8.3 900
Chillers Refrigeration - Main Beam Injector S/U, Compton Ring S, Traget 2.4 260
Hall S
Chillers Refrigeration - Pre Damping Ring S/U, Damping Rings e*, e~ S/U, 4.4 480
Booster S/U and Transfer Line - Booster to J.P.
Total Cooling 135

Dephased RF conditioning of modules will be implemented to prevent the capture and subsequent acceleration
of the dark current in adjacent modules. With this restriction, a 1.5 m thick shielding wall is compatible with the
targeted maximum dose rate level. Specific shielding arrangements still need to be made at the locations where
ventilation ducts have to cross the shielding wall. Further safety margins could be obtained by optimising the
concrete composition of the shielding wall or the use of local shielding at the loss points.

Further studies and optimisation during the technical design phase must be foreseen, using refined input pa-

rameters.
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Table 78 Secondary circuit specifications, Klystron Machine

Secondary Circuits, Demineralized Water

Cooling Power Flow Rate

Sector Structure -
MW m?/h

Accelerator - Klystron 24.8 2670
Accelerator - LINAC 27.1 2930

2/3 Main Tunnel (other equipment) 24.1 2610
Injection Hall and Transfer Lines - et /e™, Loop, J.P to S.P 5.9 640
Detectors S 0.9 100
Detectors U 2.0 230
Main Beam Injector U 3.9 420

4 Main Beam Injector S 5.1 560
Pre Damping Ring S/U, Damping Ring e™ S/U 8.3 900
Booster S/U, Damping Ring e~ S/U, and Transfer Line - Booster to J.P. 11.2 1210
Total Cooling 113

Table 79 Chilled water circuits specifications, Klystron Machine

Secondary Circuits, Demineralized Water

Cooling Power Flow Rate

Sector Structure

MW m®/h

Injection Hall, Transfer Line - Loop Circuit 1, J.P. to S.P. and e+ 0.7 120
Transfer Line - Loop Circuit 2 and e— 0.3 60

2/3 Detectors Hall U and Detectors Hall S 0.7 120
Main Tunnel 5.4 930
Buildings IP 1.3 240
Main Tunnel Purge 2.7 160
Main Beam S/U Circuit 1 0.8 150
Main Beam S/U Circuit 2 0.4 80
Main Beam S/U Circuit 3 0.4 80

4 Booster S/U and Transfer Line - Booster to J.P. 0.9 170
Damping Rings S/U and Pre Damping Rings S/U 2.4 420
Buildings Shaft 2 0.3 50
Buildings Shaft 3 0.3 50
Compton Ring S, Traget Hall S 0.2 30
Total Cooling 17

C.15 Construction and operation schedules

For the klystron option the RF power is provided by X-band klystrons and modulators, installed underground all
along the main linac. The total time for installation is slightly different from the drive-beam case. The surface
buildings and installations are reduced to those exclusively needed for the main beam and experimental area,
reducing the surface construction activities correspondingly. On the other hand, the installation time in the main
tunnel is longer, due to the RF units and the additional infrastructures required. Even though it is possible to work
in parallel in the main linac tunnel and in the klystron gallery, the overall transport, installation and handling
logistics are more time consuming. The time needed for construction, installation and commissioning is eight years,
compared to seven years for the drive-beam option at the same CLIC energy of 380 GeV.
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Table 80 Ventilation - - -

infrastructure for the Structure Air-Handling Units

accelerator gallery, Klystron N° N° Cooling Power Flow Rate

Machine — kW m®/h
Accelerator Gallery - LINAC side 1 8 200 104550
Accelerator Gallery - Klystron side 1 16 90 45780

Table 81 Ventilation infrastructure for the underground facilities, excluding the accelerator gallery and redundant units for

Klystron machine

Air-Handling Units

Extraction Units

Sector Structure Name N Cool. Power Heat. Power N Flow Rate
kW kW m’/h
Transfer Line - J.P. to S.P. 1 230 40 1 134330
Transfer Line - Loop 2 120 40 2 68660
Transfer Line - et 1 130 120 0 0
Transfer Line - e~ 1 190 180 0 0
Detectors Hall U 1 350 460 1 64180
Main Beam Dumps 2 40 0
Drive Beam Dumps
Drive Beam Turnaround
UTRA 8 110 0
2/3 UTRC 2 110 0 56700
Caverns 1.3 and 1.4 2 110
Survey Cavern 2.1 and 3.1 2 0 0
Additional Caverns 2.2 and 3.2 2 170 0
Service Cavern 2 110 0 2 56700
BDS 4 130 0
Main Beam Turnaround e /e~ and Tunnel BC2 et /e 2 40 0
BC2 Caverns 2 30 0
Tunnel Purge 4 690 970 5 97240
Lift Pressurized Area 3 0 0
Main Beam Injector U 1 530 690 3 68790
2 120 40 0
Booster U 2 110 20 3 60070
4 Transfer Line - Booster to J.P. 1 160 80 1 67170
Pre Damping Ring U 1 840 70 1 159190
Damping Rings e+ U 1 610 450 1 203960
Damping Rings e— U 1 350 80 1 203960

C.16 Power and energy consumption

The power and energy comsumption for the klystron based option has not been updated since the 2018 Project
Implementation Plan [5], in which the power and energy comsumption of both the 380 GeV drive-beam option

and the 380 GeV klystron option are compared, and found to be very similar.
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Table 82 Ventilation infrastructure for the surface buildings excluding redundant units, for Klystron machine

Air-Handling Units

Sector Structure Name N Cooling Power Heating Power
kW kW
Detectors Hall S 1 340 220
IP - Electricity 1 240 240
IP - Reception 1 40 40
IP - Workshop 1 70 70
IP - Service Office 1 180 180
2/3 IP - Control 1 100 100
IP - Cryo 4 140 140
IP - Survey 1 120 120
1P - Gaz 1 60 60
IP - Site Access Control 1 10 10
Injection Hall 2 110 20
Main Beam Injector S 9 100 20
Compton Ring 1 140 140
4 Target Halls (LINACs 1 and 2) 2 20 20
Booster S 6 100 10
Damping Rings e+/e— S and Pre Damping Ring S 3 110 20
Building Shaft 2 + 3 - Electricity 2 30 30
Building Shaft 2 + 3 - Workshop 2 70 70
Building Shaft 2 + 3 - Survey 2 10 10
Building Shaft 2 + 3 - Access Control 2 10 10
Building Shaft 2 + 3 - Shaft Access 2 160 160

C.17 Cost estimate

The cost estimate for the klystron based option has not been updated since the 2018 Project Implementation
Plan [5], where the 2018 cost of both the drive-beam option and the klystron option are compared. The cost
estimate given in this appendix can therefore not be compared directly to the updated cost for the drive-beam
option in Sect. 6.2.

The 2018 cost estimate for the first stage of CLIC including a 1o overall uncertainty, for both the drive-beam
based and the klystron based, is:

2018 CLIC 380 GeV drive-beam based: 58907370 MCHF.
2018 CLIC 380 GeV klystron based: 729071500 MCHF.

Refer to Sect. 6.2 for explanations of the uncertainly.

The breakdown of the cost estimate up to the sub-domain level is presented in Table 76 for the 380 GeV stage
of the accelerator complex. Figure 127 illustrates the sharing of cost between different parts of the accelerator
complex.

The difference between the drive-beam and klystron-based estimates is mainly due to the current cost estimates
for the X-band klystrons and corresponding modulators. The increased diameter of the main linac tunnel, required
to host the RF gallery in the klystron-based option, also contributes to the cost-difference. By reducing the X-
band RF costs by 50% in the klystron option, the overall cost of the two options becomes similar. To achieve
such a reduction would require a dedicated development programme together with industry for X-band klystrons
and associated modulators. There is still room for possible gains through optimising the accelerating structure
parameters, klystron design and luminosity performance. The cost of the klystron-based option is more affected
by the luminosity specification than the drive-beam option.
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In the case of expanding from a klystron-based initial stage, the energy upgrade from 380 GeV to the 1.5 TeV
stage is expected to be 25% more expensive than for the drive-beam option.

For a klystron-based implementation, the study of further cost reductions of the RF system is of crucial impor-
tance.
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